Washington University in St. Louis

Washington University Open Scholarship
All Theses and Dissertations (ETDs)
10-12-2013

Mutations of Pdd1 Chromo- and Chromoshadow Domains Reveal
Critical Functions for Each During Development of Tetrahymena
thermophila
Rachel Schwope
Washington University in St. Louis

Follow this and additional works at: https://openscholarship.wustl.edu/etd
Part of the Genetics and Genomics Commons

Recommended Citation
Schwope, Rachel, "Mutations of Pdd1 Chromo- and Chromoshadow Domains Reveal Critical Functions for
Each During Development of Tetrahymena thermophila" (2013). All Theses and Dissertations (ETDs).
1183.
https://openscholarship.wustl.edu/etd/1183

This Dissertation is brought to you for free and open access by Washington University Open Scholarship. It has
been accepted for inclusion in All Theses and Dissertations (ETDs) by an authorized administrator of Washington
University Open Scholarship. For more information, please contact digital@wumail.wustl.edu.

WASHINGTON UNIVERSITY IN ST. LOUIS
Division of Biology and Biomedical Sciences
Molecular Genetics and Genomics

Dissertation Examination Committee:
Douglas L. Chalker, Chair
Sarah C.R. Elgin
Justin C. Fay
Susana Gonzalo
Joseph M. Jez
Lucia C. Strader

Mutations of Pdd1 Chromo- and Chromoshadow Domains Reveal Critical Functions for Each
During Development of Tetrahymena thermophila
by
Rachel M. Schwope
A dissertation presented to the
Graduate School of Arts and Sciences
of Washington University in
partial fulfillment of the
requirements for the degree
of Doctor of Philosophy

December 2013
St. Louis, Missouri

Table of Contents

Acknowledgements:

iii

Abstract:

iv

Chapter 1:

Chapter 2:
Chapter 3:

Chapter 4:

Chapter 5:
Appendix:

Introduction

1

i. Chromatin Organization

2

ii. Tetrahymena thermophila as a Model Organism

5

iii. Pdd1 protein is Essential for Conjugation

7

iv. Other Tetrahymena Chromodomain Proteins

10

v. Tetrahymena Methods of Transformation

11

vi. Specific Aims of this Project

12

References

19

Materials and Methods

24

References

30

Mutations in Pdd1 Reveal Distinct Requirements for its
Chromo- and Chromoshadow Domains in Directing Histone
Methylation and Heterochromatin Elimination

31

Summary

32

Manuscript

33

References

70

Misplaced, Misshapen, and Absent: The Fickle Nature of Foci
and CFP’s Negative Influence on their Formation

74

References

81

Discussion

82

References

91

CDL1 Encodes a Chromodomain Protein Required During
Conjugation in Tetrahymena thermophila

92

References

124

ii

Acknowledgments

This project was supported in part by a National Institutes of Health Grant GM069593 to D.L.C.
R.S. was supported by a Howard A. Schneiderman Graduate Fellowship.

Many thanks to Doug Chalker for more than five years of encouragement, expertise and
unfailing enthusiasm.

Thanks also to my committee members, Sally Elgin, Justin Fay, Susana Gonzalo, Joe Jez, and
Lucia Strader, for keeping this project on track with practical advice.

Thanks to the Schwopes for providing moral support on a regular basis.

Most thanks of all to Silvano Ciani for making me smile every day.

iii

ABSTRACT OF THE DISSERTATION

Mutations of Pdd1 Chromo- and Chromoshadow Domains Reveal Critical Functions for Each
During Development of Tetrahymena thermophila

by
Rachel Schwope

Doctor of Philosophy in Molecular Genetics and Genomics
Washington University in St. Louis, 2013

Professor Douglas L. Chalker, Chair

Pdd1 is a developmentally expressed HP1-like protein of Tetrahymena thermophila that is
required during conjugation, when a copy of the cell’s transcriptionally silent germline
micronucleus differentiates into an active somatic macronucleus. Differentiation of these
somatic chromosomes involves genome-wide fragmentation and amplification. These DNA
rearrangements are facilitated by an RNAi mechanism, in which small RNAs target silencing
histone modifications, H3K9 and H3K27 methylation, to Internal Eliminated Sequences (IESs),
which are bound by Pdd1 and later excised from the genome. Pdd1 features two
chromodomains, one of which shares homology with that of HP1, and a C-terminal
chromoshadow domain. In this study, we endeavored to determine the necessity and function of
these domains during sexual reproduction by mutating each through point mutation and/or
deletion. We show that chromodomain 1 (CD1) is critical for conjugation, with either deletion
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of the entire domain or amino acid substitutions of two key aromatic residues (W97, 100A)
causing protein mislocalization, preventing the establishment of H3K9me2, and abolishing IES
excision. Chromodomain 2 (CD2) is necessary for producing viable progeny, and loss of this
domain disrupts but does not abrogate, cellular processes. Loss of the entire chromoshadow
domain (CSD) prevents nuclear targeting of Pdd1, while mutation of a single residue within the
domain, I504D, reduces progeny production to ~5% and prevents Pdd1 foci formation and the
recruitment of excision factors to an ectopic IES. Finally, we show the disruptive effect of the
Pdd1 C-terminal CFP tag on mature foci formation and examine abnormal foci seen in RNAi
mutants.
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Chapter 1
Introduction

1

i. Chromatin Organization.

Within each cell of each living organism is stored a complete copy of its DNA. Whether the
genome is relatively small, as in yeast, or much more complex, each gene must be controlled so
that it is expressed at the correct time and location during the organism’s lifetime. Furthermore,
most genomes include a collection of non-genic material, such as repeat DNA or transposons,
which, if transcribed, can be detrimental to the cells. Thus, the successful development and
subsequent homeostatic state of an organism demand that cells constantly regulate their genes,
allowing for increased or decreased expression as necessary at a given time and environment
(Grewal and Moazed, 2003).

This precise control of genes is accomplished in eukaryotes in part through the organization of
DNA. Nucleic acid is wound around histone octamers, which, along with other specialized
proteins, such as the DNA-binding zinc-finger repressors (Reuter et al., 1990) and histone
deacetylases (Rundlett et al., 1996), among others, is classified as chromatin. This protein/DNA
complex can be categorized into two main classes: euchromatin, which is more centrally located
in the nucleus and less dense, and heterochromatin, which is relegated to the nuclear periphery
and more tightly packed. In addition to gene regulation, this heterochromatin is also important
for maintaining physical structures, including telomere (Bedbrook et al., 1980) and centromere
regions (Bloom and Carbon, 1982), thereby assisting in proper chromosome segregation during
meiosis (Dernburg et al., 1996; Keller et al., 2012).
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The histones of euchromatin are characterized by specific modifications, including methylation
of H3K4 and high levels of acetylation (Lee et al., 1993; Norton et al., 1990). Combined, these
marks result in a conformation that is relatively open and loosely-packed, making the gene-rich
DNA accessible to transcription machinery and available for recombination during meiosis
(Carrano and Wolff, 1975). Conversely, heterochromatin is typically condensed as a result of
methylation at H3K9 and H3K27, in conjunction with low H3K4 methylation (Rudolph et al.,
2007) and hypoacetylation (Braunstein et al., 1996; Suka et al., 2002) of these histone tails. The
methylation marks are bound by downstream effector proteins, and those that recognize
methylated lysine residues, such as HP1 in Drosophila melanogaster, are known as “chromatin
organization modifier,” or “chromodomain” proteins (Daniel and Grant, 2005; Grewal and Jia,
2007; Paro and Hogness, 1991). The binding of these proteins to histones allows for the
spreading of heterochromatin (Cryderman et al., 1998), causing DNA in this region to be
blocked from transcriptional activators and RNA polymerase through transcriptional gene
silencing (Figure 1) (Grewal and Jia, 2007).

HP1 homologs and other chromdomain proteins are found in other organisms as well, where they
appear to play the similar roles in silencing loci and maintaining genome integrity; for example,
in S. pombe, the homolog Swi6 is found to co-localize with H3K9me (Bannister et al., 2001;
Nakayama et al., 2001) at silenced genes (Dubey et al., 2009). Additionally, this gene is required
for proper function of the mating type locus (mat1) by repressing recombination between nearby
silent “donor” loci (mat2, mat3) (Klar and Bonaduce, 1991; Lorentz et al., 1994). Another
Drosophila chromodomain protein, Polycomb, is associated with the PRC1 complex, which
functions to repress developmental genes that are marked for silencing with H3K27me3,
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deposited by the histone methyltransferase E(Z) of the PRC2 complex (Ringrose and Paro,
2004).

There are two main types of heterochromatin in cells: the first is constitutive chromatin, found
in regions like centromeres (Arrighi and Hsu, 1971) that are always silenced in each cell and is
characterized by H3K9me2/3 (Lachner et al., 2001). The second type is facultative chromatin,
which is associated most commonly with H3K27 methylation, and helps regulate which tissuespecific genes are expressed in a cell, thereby promoting and maintaining cell identity (Trojer
and Reinberg, 2007). One widely-studied example of extensive facultative chromatin is the
inactivation of one of the X-chromosomes of female mammalian cells (Chadwick and Willard,
2004), which is critical for healthy development (Brown and Greally, 2003; Palmer et al., 1980).

Epigenetics is a broad term used to describe such regulation of gene products resulting from
chromatin states rather than first-order gene sequences found in a cell, and the correct epigenetic
state of a cell is critical to its proper function. Aberrant chromatin states are associated with
numerous diseases, from cancer (Gupta et al., 2010) to neurological disorders such as
schizophrenia (Sharma et al., 2008), to physical deformities such as Rubinstein–Taybi syndrome
(Hendrich and Bickmore, 2001). Thus, it is critical to understand the mechanisms of epigenetic
regulation and how they might impact human health.
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ii. Tetrahymena thermophila as a model organism

Tetrahymena thermophila is a single-celled ciliate found in ponds and other fresh water bodies.
It is ~50 µm in diameter and can reproduce either asexually by undergoing fission and creating a
clone of itself, or, under conditions of stress, it can initiate conjugation with a cell of a different
mating type and produce new progeny. During development of the new cells, repetitive
elements and transposon remnants must be silenced, as in other eukaryotes. However, this small
ciliate silences its heterochromatic elements an additional step further than most organisms by
excising them from the genome. This is followed by massive genome fragmentation and
amplification as sexual reproduction is completed.

In addition to T. thermophila’s small size and ease of culture, its dynamic life cycle and nuclear
organization of its unwanted genetic material into heterochromatin make it an ideal model
organism in which to study epigenetics. This protist features multiple forms of heterochromatin,
from its silent micronucleus, to regulated genes in the vegetative somatic nucleus, development
of an entirely new genome as a single conjugative pronucleus differentiates into two active
somatic nuclei. H3K27me3 is found in both the silent micronucleus and at lower levels in the
somatic macronucleus during normal growth, and at high levels in the developing anlagen during
conjugation (Liu et al., 2007). H3K9me2,3 only occurs in the anlagen (Taverna et al., 2002), and
can be abolished with loss of the H3K27me3 histone methyltransferase, Ezl1 (Liu et al., 2007).
The presence and distinct nature of both these modifications hint at intriguing mechanisms of
genomic regulation.
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T. thermophila contains two distinct nuclei in the same cytoplasm: an active polyploid
macronucleus, containing ~50 copies of each gene, and a silent diploid micronucleus, containing
the germline DNA. While the somatic nucleus is the site of all gene transcription that occurs
during normal growth, it is the micronucleus that is passed along to progeny during conjugation.
Approximately 7 hours into conjugation, this previously transcriptionally silent nucleus comes
“online” to provide gene products for the next generation of cells, and in another 5-7 hours, the
germline genome undergoes massive reorganization followed by chromosome fragmentation and
amplification as it transforms into a fully developed macronucleus (reviewed by Coyne et al.,
1996) (Figure 2).

One critical part of the DNA rearrangement that occurs in the new somatic macronucleus
involves the removal of approximately 6000 (>50 Mbp) heterochromatic elements, known as
Internal Eliminated Sequences (IESs) (Coyne et al., 1996). To accomplish this, RNAi machinery
use small, homologous RNAs (scnRNAs) in conjunction with a collection of specialized proteins
to target these elements for elimination. Not only is DNA rearrangement effective for removing
sections of the genome containing transposons and repeats, it is also necessary for the survival of
the progeny (Coyne et al., 1999).

Early in conjugation, the entire micronuclear genome is bi-directionally transcribed. These long
transcripts are cut into short (~27-30 nucleotide) fragments, known as scan RNAs (scnRNAs), by
a Dicer-like protein (Dcl1) (Malone et al., 2005). These small RNAs are transported to the
macronucleus, where they are believed to anneal to homologous sequences of either DNA or
possibly RNA transcripts from the macronuclear genome (Aronica et al., 2008). While scnRNAs
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that find a homologous counterpart are then sequestered in the parental macronucleus, scnRNAs
that originated from IES elements in the micronucleus lack a binding site in the macronucleus,
and are available to be loaded into TWI1 complexes and shuttled across the cytoplasm to the
developing nuclei of the next generation, known as anlagen (Mochizuki and Gorovsky, 2004;
Mochizuki et al., 2002). These TWI1/scnRNA complexes bind their homologous sequences in
the anlagen, which represent IESs that were removed from the macronucleus of the previous
generation. The localization of the TWI1 complexes facilitates methylation of H3K27 at
adjacent histones, which is then bound by the chromodomain protein Pdd1 (Programmed DNA
Degradation 1). See Figure 2 for illustration. These IES sequences are then excised by Tpb2, a
domesticated transposase (Cheng et al., 2010), which occurs concurrently with the appearance of
elimination foci. DNA rearrangement occurs primarily between 12 and 14 hours post-mixing in
wild-type cells (Austerberry et al., 1984), with circular pieces of IES DNA, the result of excised
elements, persisting in cells until up to 24 hours (Saveliev and Cox, 1994; Yao and Yao, 1994).

iii. Pdd1 protein is essential for conjugation
T. thermophila relies heavily on the HP1-like chromodomain protein Pdd1 for successful
conjugation and DNA rearrangement. When Pdd1 is knocked out (∆PDD1) of the parental
(somatic) macronucleus, the resulting cells cannot successfully mate with another knockout and
instead die upon separation. In addition to lethality, ∆PDD1 cells display a variety of
rearrangement-related abnormalities. These cells do not form foci, cannot undergo DNA
endoreplication, cannot establish H3K9 methylation in anlagen, and ultimately fail to excise IESs
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(Coyne et al., 1999; Taverna et al., 2002). Despite the dramatic phenotype of a Pdd1
macronuclear KO, two germline KO cells can mate and produce viable progeny. Thus,
expression from the parental macronucleus is necessary and sufficient for completion of DNA
rearrangement, even though Pdd1 is expressed zygotically in wild-type cells.

Pdd1 is exclusively and highly expressed during conjugation, with mRNA rapidly accumulating
after conjugation and reaching peak levels at 2 hours post-mixing. During this process, the
fluorescent-tagged protein can be seen in all nuclei present: the elongated micronucleus, in which
it is distributed evenly, the parental macronucleus, where it appears in a speckled pattern, and the
developing anlagen. Here, its localization is dynamic, beginning as a widespread if uneven
pattern in newly emerged anlagen before coalescing into punctate foci as conjugation proceeds
and DNA rearrangement occurs (Figure 3) (Yao et al., 2007). While it is believed to bind
histone modifications in the anlagen, its purpose in either the pre-zygotic micronucleus or
parental macronucleus are unknown. Pdd1 localization is disrupted in certain mutants, including
knockouts of RNAi protein genes TWI1 and DCL1 (Liu et al., 2007), which likely affect Pdd1
indirectly through loss of H3K27me3, a binding site for Pdd1’s first chromodomain.
Additionally, the novel Tetrahymena protein Lia1 (Localized In Anlagen 1) appears to influence
Pdd1 localization, with Pdd1 failing to localize to elimination foci in ∆LIA1 cells (Rexer and
Chalker, 2007).

Western blot analysis suggests Pdd1 is approximately 65 kD in size (Madireddi et al., 1994).
Furthermore, during conjugation it appears to be phosphorylated, with slower-migrating protein
forms emerging around 6 hours and peaking at 8 hours, before the modifications appear to be
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lost (Smothers et al., 1997). Although phosphorylation is known to be important for the
silencing function of the S. pombe heterochromatin protein Swi6 (Shimada et al., 2009) and the
heterochromatin binding of HP1 (Zhao and Eissenberg, 1999), no relationship between this
modification and Pdd1’s function have been determined thus far.

Pdd1 contains three recognizable domains. Two are chromodomains, the first of which shows
homology to that of HP1 (Figure 4) (Madireddi et al., 1996) and also binds the same histone
modifications, H3K27me3 and H3K9me2, found at heterochromatic regions (Liu et al., 2007).
This chromodomain of Pdd1 shows affinity for both H3K9me2 and H3K27me3 (Taverna et al.,
2002), and its role in recognizing these modifications is necessary for successful rearrangement
of the dynamic Tetrahymena genome. The second chromodomain is more divergent and lacks
the characteristic aromatic residues of the methyl binding cage, and its role in the protein has not
been characterized. The third domain diverges from the first two, and hydrophobic cluster
analysis indicated this globular domain shows the most similarity to a chromoshadow domain
(Callebaut et al., 1997).

The chromoshadow domain has been shown to be critical for facilitating the interactions of HP1like chromodomain proteins with themselves and other proteins (Smothers and Henikoff, 2000;
Ye et al., 1997). A binding motif consensus of PxVxL is often found in proteins that interact
with chromoshadow domains (Thiru et al., 2004), and its self-association has been found to rely
on non-polar residues at the dimerization interface, such as the highly-conserved Y318 and L315
of Swi6 (Cowieson et al., 2000). Additionally, for some proteins the CSD dimer itself provides a
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binding platform for recruitment, such as for the KRAB domain co-repressor KAP-1 (Lechner et
al., 2000).

iv. Other Tetrahymena chromodomain proteins
Although Pdd1 is the most abundant chromodomain protein expressed during conjugation, it is
not unique. Bioinformatics analyses indicate several additional chromodomain proteins are
expressed in Tetrahymena, some of which are expressed exclusively during conjugation
according to microarray data (Miao et al., 2009). RNA transcripts of one studied
chromodomain-containing protein, Pdd3, can be detected at 4 hours into conjugation and peak at
8 hours. On SDS-PAGE, this protein appears as a 32 kD band, with no discernable
modifications, and the tagged protein can be seen throughout the cytoplasm of the developing
anlagen before condensing into foci coincident with Pdd1 (Nikiforov et al., 2000). Evidence
suggests that the single chromodomain of Pdd3 binds H3K9me but not H3K27me in vitro
(Taverna et al., 2002), though currently the knockout phenotype has not been explored.

Hhp1, (H1/HP1-like protein), like Pdd1, is another Tetrahymena HP1-like gene that features
both an N-terminal chromodomain and a C-terminal chromoshadow domain (Huang et al.,
1998). At a size of approximately 28 kD, it is smaller than Pdd1, but western blot analysis
shows that it is also a substrate for phosphorylation, with at least four different isoforms
fractionated on an SDS gel. Unlike Pdd1, Hhp1 is expressed during vegetative growth and
starvation as well as conjugation, with immunofluorence showing its localization to electrondense areas of the somatic macronucleus in vegetative cells, while remaining absent from the
micronucleus. (Huang et al., 1998). Although this chromodomain protein is non-essential in
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vegetative cells, during starvation, ∆HHP1 cells showed decreased viability and reduction of
transcription of a cysteine protease, CyP, and the uncharacterized gene ngoA (Huang et al.,
1999). These results indicate an important and specialized regulatory role for Hhp1.

Another chromodomain protein of potential interest is TTHERM_00565610 (CDL1, discussed in
the Appendix), encoded by a ~5.8 kb gene comprising 8 exons and 7 introns. During normal
growth, the gene is transcribed at very low levels, with slight increase upon long-term starvation
(24hr). Two hours following initiation of conjugation (C2) a minor peak of expression occurs,
corresponding to the timing, but not level, of the increase of PDD1 transcripts (Figure 5A),
followed by a slight decrease before rapid accumulation of transcript at 8 hours (C8) (Figure 5B)
(expression profiles from the Tetrahymena Functional Genomics Database). This expression
pattern roughly matches that of PDD2 (Figure 5C), a non-chromodomain protein that is essential
for conjugation and is known to localize both to the parental macronucleus and the developing
anlagen during conjugation (Nikiforov et al., 1999). Thus, it is possible that this chromodomain
protein, unlike Pdd3, fulfills a vital role in the parental macronucleus, making it a worthy
candidate of study.

v. Tetrahymena methods of transformation
A major advantage of using Tetrahymena as a model organism is that genes of interest can be
rapidly and easily explored by modifying the genome through two different types of
transformation. The first is electroporation, by which a circularized rDNA molecule containing
the gene of interest is introduced during mating after anlagen have emerged and prior to DNA
rearrangement (Gaertig et al., 1994). The plasmid is transported to the nuclei and processed with

11

the cells’ endogenous rDNA, including transformation into a palindromic mini-chromosome and
amplification to approximately 9000 copies per somatic nucleus. For electroporation
transformations, the Chalker lab utilizes the Gateway® cloning system from Invitrogen (Life
Technologies, Grand Island, NY), allowing for a variety of protein tags, both N- and C-terminal,
to be produced from a single entry vector clone. The high copy number can result in abundant
expression, though non-physiological levels of protein production may be deleterious to cells or
result in non-biologically significant results. Thus, it is often advantageous to introduce
mutations into the chromosomal genome, which can be readily accomplished through
homologous recombination. Plasmid vectors are constructed with the gene of interest cloned
upstream of a selection marker, such as neomycin or blasticidin. This insert is flanked with 1 kb
of DNA found in the Tetrahymena genome both upstream and downstream of the coding region.
The construct is linearized, coated onto gold beads, and transformed into cells via biolistics,
where it recombines into the genome (Cassidy-Hanley et al., 1997). Cells can be phenotypically
assorted through sub-cloning and drug selection, with the resulting transgene maintained at
cellular levels either under the control of its own promoter or the cadmium-inducible
metallothionein promoter.

vi. Specific Aims of this Project

With this study, we wanted to investigate the function and requirement of each of Pdd1’s three
domains during conjugation and DNA rearrangement. We hypothesized that each might fulfill a
unique role in promoting the heterochromatinization of IESs and facilitating their subsequent
removal. Thus, I produced mutations in each domain, either specific amino acid substitutions or
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entire domain deletions, and assessed the effects of gene manipulation on the cellular processes
that occur during sexual development. We also tagged each mutant form of PDD1 with a
fluorescent marker, CFP, to observe its migration throughout conjugation in an effort to connect
its spatio-temporal location with corresponding intranuclear events.

These experiments revealed important roles for each domain, measured by a variety of outputs.
We found that localization was severely disrupted by mutations in the first chromodomain or
chromoshadow domain, and that progeny production was severely impeded for all mutants
analyzed. Additionally, mutants often displayed a spectrum of functionality for a given assay,
indicating that specific domains do indeed have more critical functions in some processes than
others. Taken together, our results help clarify the mechanisms of genome organization and
chromatin interaction that occur during conjugation. Furthermore, we identify exciting lines of
inquiry that may further elucidate the mechanisms of heterochromatin formation and regulation
in Tetrahymena.
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Figure 1. Characteristics and conformation of euchromatin and heterochromatin (Grewal and
Jia, 2007).
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Figure 2. Mechanism of scnRNA-facilitated IES excision. RNA transcripts from the parental
micronucleus are cut into 27-30 nt scnRNAs, which are transported to the parental
macronucleus. IES-homologous scnRNAs then migrate to the developing nucleus, where they
target H3K9 and H3K27 methylation at IES loci. Pdd1 binds these marks and facilitates
downstream excision.
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Figure 3. Pdd1 localization throughout conjugation. Pdd1 can be seen in the parental
macronucleus in a speckled pattern around 5-6 hours post-mixing. It then migrates to the
developing anlagen in a widespread, though uneven, distrubution. Late in conjugation (12-14
hours) it coalesces into more tightly-organized elimination foci.
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Figure 4. Chromodomain alignment of Pdd1 CD1 and CD2 with other chromodomain proteins.
Swi6 CD2 refers to the Swi6 chromoshadow domain (Madireddi et al., 1996).

17

A. PDD1

B. TTHERM_00565610 (CDL1)

C. PDD2

Figure 5. Microarray expression data for Tetrahymena genes. (A) PDD1 expression. (B)
TTHERM_00565610 expression. Note the initial peak at C2, followed by a larger peak around
C8. (C) Expression data for PDD2 (Miao et al., 2009). X-axis indicates life-cycle stage:
logarithmic growth (L), starvation (S), or conjugation (C ). Y-axis indicates expression units.
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Materials and Methods

Manipulation of Tetrahymena: Wild-type Tetrahymena thermophila strains (B2086, CU427,
CU428) were cultured in liquid medium at 30°C according to standard methods (Orias et al.,
2000). Cells were induced to conjugate by mixing cultures of complementary mating types at
equal cell densities (~2.5x105 cells/ml) after overnight starvation (>6 hours) in 10 mM Tris-HCl
(pH 7.4). These strains, or transgenics derived from them, were transformed with constructs to
create knockout strains or cell lines expressing epitope-tagged proteins by biolistics
transformation using a Bio-Rad PDS 1000 He Particle Delivery System for integrative constructs
(Cassidy-Hanley et al., 1997) or electroporation (Gaertig et al., 1994) for rDNA-based replicative
vectors. Generation of ΔPDD1 strains was as described previously (Motl and Chalker, 2011);
∆TWI1 strains (Mochizuki et al., 2002) were provided by K. Mochizuki (Institute of Molecular
Biotechnology of the Austrian Academy of Sciences (IMBA), A-1030 Vienna, Austria).

Generation of modified PDD1 constructs:
Integrative Vectors: DNA fragments from the PDD1 locus were amplified by PCR and cloned
into pMNBL, a neo3-containing vector (Shang et al., 2002), by using restriction enzymes and T4
DNA ligase (New England Biolabs, Ipswich, MA) to create an integrative construct for
introducing PDD1 alleles into the endogenous locus. See Chapter 3, Supplemental Table 1 for
all oligonucleotide primer sequences used (Integrated DNA Technologies, Coralville, IA). The
5’ flanking region was amplified with Phusion polymerase (New England Biolabs, Ipswich, MA)
and primers #3254 and #3255 and cloned into pMNBL ApaI restriction site. The 3’ flanking
region was amplified with primers #3258 and #3259 and cloned into BamHI and SmaI sites. The
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3’ UTR region of PDD1 was amplified with primers #3256 and #3257 and cloned using XhoI
and BglII sites. To allow mutant alleles to be integrated into the neo3 disrupted PDD1 locus, the
H4-Blasticidin cassette, an HHF1 promoter-driven Blasticidin-2 resistance gene with the BTU2
3’ UTR, from p4B2-1, was inserted in place of the neo3 marker between Acc651 and SmaI sites.
PDD1-CFP was amplified from the pICC_Pdd1 rDNA vector with primers #3304 and #3305
and cloned into the integrative vector using HpaI and XhoI sites, with the resulting vector named
pMNBL_Pdd1_CFP.
Mutant alleles of PDD1 were created by mutagenizing a cloned copy of the gene in a
pENTR vector (Life Technologies, Grand Island, NY). For the W97, W100A mutant, the Nterminal portion of PDD1 was amplified with primers #1563 and #3308 and the C-terminal
portion was amplified with primers #3309 and #3306. Overlapping fragments were annealed
using Phusion polymerase (NEB), with 10 cycles of 98°C melting for 30 seconds, 45°C
annealing for 30 seconds, and 72°C extension for 30 seconds. The annealed product was
amplified with primers #1563 and #3306 and pENTR TOPO (Life Technologies, Grand Island,
NY) cloned. The ∆CD1 and ∆CD2 deletion mutants were made from a pENTR PDD1 plasmid,
using inverse PCR with primers #2385 and #2386 (∆CD1) or #3405 and #3406 (∆CD2) to delete
the desired domain. Pdd1/3 CD Swap was made by amplifying the PDD3 chromodomain from
genomic DNA with primers #2387 and #2388, and combining this with the pENTR ∆CD1 vector
in a Quikchange PCR reaction (Stratagene). The I504D CSD mutant was also produced by
starting with a pENTR PDD1 plasmid and amplifying it with primers #3615 and #3616 in a
Quikchange reaction to mutagenize residue I504. The truncation mutant was amplified from
genomic DNA with primers #3304 and #3307 and cloned directly into the integrative pMNBL
construct.
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Mutagenized PDD1 alleles (except the truncation) were then PCR amplified from their
respective pENTR constructs using primers #3304 and #3306 and cloned into the integrative
pMNBL vector construct using HpaI and AvrII sites. Constructs were linearized and introduced
to ∆PDD1 cells via biolistics transformation, and transformants were selected in 1x SPP media
containing 80 ug/mL blasticidin. Gene expression was confirmed by observation of CFP via
fluorescence microscopy. The CFP gene of the mutant pMNBL integrative constructs was
removed to express untagged versions of the mutants for use in functional assays.

Ectopic rDNA Vectors: pENTR-cloned versions of PDD1 and PDD1∆CD1 were generated as
described above. LR ClonaseII enzyme mix (Life Technologies, Grand Island, NY) was used to
recombine these constructs into a replicative rDNA Gateway® cassette-containing destination
vector, pICC (Inducible C-terminal CFP), featuring a cadmium-inducible MTT promotor and a
paromomycin resistance-conferring rDNA mutation. pICC_Pdd1 or pICC_Pdd1∆CD1 were
electroporated into mating wild-type [CU427 x CU428] cells at 9 hours post mixing at a voltage
of 250 V, resistance of 25Ω, and capacitance of 275 µF (Gaertig et al., 1994). Cells were then
fed with 1xSPP medium, plated into a 96-well tissue culture plate, and recovered overnight at
30°C. Sixteen hours after electroporation, paromomycin was added to a final concentration of
100 µg/mL. Cells were grown at 30°C for three days to select for transformants.
Fluorescence Microscopy: Mating cells expressing Pdd1-CFP were fixed with 2%
paraformaldehyde at the appropriate stage of conjugation, re-hydrated with water, and mounted
for fluorescence microscopy. To visualize histone modifications, cells were collected at 9 hours
after conjugation initiation, mixed with Schaudinn’s fixative, and applied to glass slides.
Samples were air dried 30 minutes at room temperature and re-hydrated overnight at 4ºC in 1x
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TBS. Slides were then washed in blocking buffer containing 1x TBS + 1.0% BSA and 0.01%
Tween 20 and incubated with rabbit α–H3K9me2 antibody (Millipore, lot # 27536) at 1:250
dilution for 1 hour at room temperature. After washing with 1x TBS 5x 5 minutes and reblocking 2x 10 minutes, a goat α-rabbit Alexa-fluor 488 conjugated secondary antibody (Life
Technologies, Grand Island, NY) was applied and incubated 1 hour at room temperature.
Washes were repeated and DNA was stained by adding DAPI (4',6-Diamidino-2-Phenylindole)
added to the final wash. Slides were viewed under a under a 60x oil immersion lens on a Nikon
Eclipse E600 upright microscope and images captures using a Retiga EX CCD camera (Qimaging) driven by Openlab software (Improvision).

Western Blot: Whole cell extracts were collected and fractionated on a 12% SDS
polyacrylamide gel at 120V for five hours. Protein was transferred to a nitrocellulose membrane
using a semi-dry electroblotter at 0.01 mA and blocked overnight in 5% milk in 1x PBS.
Membranes were incubated with rabbit α-PDD1 antibody (Abcam ab5338, 1:1000, Cambridge,
MA), washed, and incubated with goat α-rabbit HRP-conjugated secondary (Pierce, Thermo
Fisher, Rockford, IL). Images were collected with a digital fluorescent imager (GE Healthcare
Biosciences, Pittsburgh, PA).

LexA Tethering and Southern Blot: LexA-tagged Pdd1 was produced by cloning LexA from
pBPHLWL-LexA, gift of Tom Clandinin (Addgene plasmid #26258) with primers #3632 and
#3633, and fusing it to PDD1 in place of CD1 in the pMNBL integrative construct, which was
transformed into wild-type (CU427, CU428) cells via biolistics. A DNA fragment containing
five different LexA operator binding sites, including cle1-1, recA, lexA-2, uvrA, and uvrD was
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synthesized (Integrated DNA Technologies, Coralville, IA) and cloned into the pENTR vector by
Topoisomerase mediated cloning (Life Technologies, Grand Island, NY). An rDNA plasmid
containing M-element border regions flanking a Gateway cassette was used in an LR Clonase II
(Invitrogen) reaction to produce the experimental 5xLAop plasmid. Either this or the control Melement rDNA vector were electroporated into conjugating cells at nine hours post-mixing, either
in CU427 x CU428 or LexA_PDD1 427 x LexA_PDD1 428 matings. Transformants were
selected with 100 ug/mL paromomycin and three pools of three each were grown and their
genomic DNA isolated. DNA was digested with HindIII overnight at 37°C, resolved on a 1%
agarose gel, and transferred to a nylon membrane. The membrane was pre-hybridized with
salmon sperm DNA for 6 hours, and a α-32P radiolabeled probe was generated using a pDLCM3
fragment as a template and incubated with the membrane overnight at 65ºC (Kowalczyk et al.,
2006). The membrane was washed four times with 0.5x SSC/1% SDS and visualized by
phosphorimaging analysis using a Personal FX imager and Quantity One software (BioRad).
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Summary

The following chapter comprises the manuscript detailing the majority of the scientific
explorations undertaken by R. Schwope while in the Chalker Lab. This includes production of
Tetrahymena strains with mutations of CD1, CD2 and the CSD of Pdd1 and all subsequent
investigations into their functionality. Here, we examine localization of CFP-tagged domain
mutants, their ability to produce progeny following conjugation, their effects on H3K9me2, and
their ability to facilitate DNA rearrangement. We find that each domain is important during
conjugation and displays a unique set of phenotypes throughout development, allowing us to link
specific events to the different domains.

All work was performed by R. Schwope and all manuscript preparation was done by R. Schwope
and D. Chalker. This manuscript was submitted for publication in August 2013.
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ABSTRACT
Pdd1, a specialized HP1-like protein, is required for genome-wide DNA rearrangements that
restructure a previously silent germline genome into an active somatic genome during
macronuclear differentiation of Tetrahymena thermophila. These rearrangements are guided by
small RNAs, which target methylation of histone H3 on lysines K9 and K27 to thousands of loci,
the internal eliminated sequences (IESs). The modified chromatin of the IESs is bound by Pdd1,
which promotes its removal from the genome. We introduced mutations into the two
chromodomains and the chromoshadow domain of Pdd1 and show that each region of the protein
has important roles in somatic genome differentiation. We find that Chromodomain 1 (CD1) is
essential for conjugation as either its deletion, or amino acid substitution of two key aromatic
residues (W97, 100A), is lethal. These mutations cause mislocalization of a CFP-tagged protein,
prevent the establishment of H3K9me2, and abolish IES excision. Nevertheless, we could
bypass the requirement for CD1 by recruiting Pdd1 directly to an IES by addition of a specific
DNA binding domain. We find that Chromodomain 2 (CD2) is necessary for producing viable
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progeny, but low levels of H3K9 methylation and IES excision still occurred. A mutation,
I504D, in the chromoshadow domain (CSD) prevented Pdd1 foci formation, but still permitted
~5% of conjugants to produce viable progeny. Even so, this CSD mutant was unable to stimulate
excision when recruited to an ectopic IES, indicating that this domain is important for the
efficient recruitment of excision factors.

INTRODUCTION

HP1 and its homologs are found in all three major branches of the eukaryotic evolutionary tree:
protists (e.g. Hhp1, Pdd1); plants (e.g. LHP1); and animals and fungi (e.g. Swi6, HP1

α,β, and γ

).

This heterochromatin-associated protein family features two distinguishing conserved domains,
the methyl-lysine-binding chromodomain near the amino (N)-terminus and the dimerizationmediating chromoshadow domain at the carboxy (C)-terminus separated by a non-conserved
hinge region (Eissenberg and Elgin, 2000). HP1s primarily act to establish and/or maintain silent
heterochromatin, a DNA/protein structure that is critical for organizing the genome and ensuring
chromosome integrity; however, individual paralogs can fulfill specialized regulatory roles
within any given species.

The chromodomain of HP1s typically binds histone H3 di- and tri-methylated (me2,3) on lysine
(K9) (Bannister et al., 2001; Lachner et al., 2001), allowing these proteins to act as effector
molecules by recruiting other regulatory factors to the modified chromatin. Chromatin
containing H3K9me2,3 is a major constituent of heterochromatin found at pericentric and
telomeric regions in all histone-expressing eukaryotes (Jenuwein and Allis, 2001), as well as at
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the silent mating type locus in Schizosaccharomyces pombe (Klar and Bonaduce, 1991; Lorentz
et al., 1994). More recently formation of HP1-associated heterochromatin has been found to
involve RNAi silencing pathways (Matzke and Birchler, 2005). In S. pombe, cells mutant for
RNAi components exhibited both chromosome segregation defects (Sugiyama et al., 2005) and
decreased H3K9 methylation at the mating type locus (Volpe et al., 2002). Similar reductions of
histone methylation and HP1 mis-localization have been observed in Drosophila melanogaster
(Pal-Bhadra et al., 2004) indicating that HP1s have conserved functions.

The RNAi pathway is an evolutionarily conserved mechanism by which double-stranded RNAs
trigger the generation of 20-30 nucleotide (nt) small RNAs. These sRNAs serve as specificity
factors to silence gene expression of homologous sequences, acting to either prevent
transcription of genomic elements, or post-transcriptionally, by preventing translation through
sequestration or destruction of complementary mRNAs (Hutvágner and Zamore, 2002). One
major target of this mechanism is endogenous transposons. For example, in D. melanogaster the
Argonaut family protein PIWI assists in the silencing of repetitive elements in the germline
genome, including transposons, by associating with sRNAs generated from loci enriched in these
elements (Girard et al., 2006; Kalmykova et al., 2005; Saito et al., 2006). PIWI was also shown
to be enriched at H3K9me containing-regions and to interact directly with the HP1a
chromoshadow dimer via its PxVxV motif (Brower-Toland et al., 2007; Mendez et al., 2011) .

The protozoan Tetrahymena thermophila also uses both RNAi and an HP1-like protein to silence
repeats and transposable elements. Each sexual generation, Tetrahymena generate new somatic
macronuclei from zygotic genomes derived from the previously silent germline genomes
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exchanged between mating partners. Nearly all post-translational modifications on histone tails
must be established during differentiation of the somatic genome. These include the silencingassociated H3K9me2,3 and H3K27me3 modifications (Liu et al., 2007; Taverna et al., 2002),
which are deposited on specific germline-limited loci known as Internal Eliminated Sequences
(IES) (Madireddi et al., 1996). These IES elements contain repeats and transposon remnants,
and histone modifications target these sequences for elimination from the somatic genome during
development. The targeting of these chromatin modifications is directed by 27 to 30-nt sRNAs,
called scan RNAs, that are loaded into complexes with the Tetrahymena PIWI protein, Twi1 (16,
17, 19–21)). The newly formed heterochromatin is assembled with a HP1-like protein encoded
by PDD1 (Programmed DNA Degradation 1) that likely serves as the effector to recruit
downstream acting proteins, including Tpb2, a domesticated piggyBac-like transposase that
excises the marked chromatin, resulting in the removal of nearly 50 Mb of the genome (Cheng et
al., 2010). Thus, Tetrahymena DNA elimination is an effective means of transposon silencing
and serves as an advantageous model with which to study RNAi-directed chromatin modification
and HP1-related chromatin regulation (Malone et al., 2005; Taverna et al., 2002).

Pdd1 is a highly-specialized HP1-like protein that is abundantly and exclusively expressed
during Tetrahymena conjugation (Madireddi et al., 1994, 1996). The protein contains three
recognizable domains shared with HP1s (Nikiforov et al., 2000): an N-terminal chromodomain
(CD1), which shows affinity for both H3K9 and H3K27 methylation in vitro (Taverna et al.,
2002); a second chromodomain (CD2) immediately adjacent to the first, which is more divergent
and is poorly characterized; and the C-terminal chromoshadow (CSD) domain (Callebaut et al.,
1997). Consistent with its function as an HP1, Pdd1 binds methylated histone tails and interacts
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with other proteins important for DNA elimination (Nikiforov et al., 1999, 2000; Rexer and
Chalker, 2007).

At the initiation of conjugation, PDD1 expression is rapidly induced, and the protein
accumulates in both the parental micro- and macronuclei during pre-zygotic development. Its
roles in these nuclei have not been carefully explored. In post-zygotic development, Pdd1
immediately accumulates within the newly emerged developing somatic macronuclei (i.e.
macronuclear anlagen), where it exhibits widespread, but non-uniform localization, before
coalescing into several large DNA elimination foci (Madireddi et al., 1996). Chromatin
immunoprecipitation (ChIP) revealed that Pdd1 is enriched at IES loci, but not at the neighboring
macronuclear-retained DNA (Taverna et al., 2002). Deletion of PDD1 (∆PDD1) from the
parental macronucleus results in a developmental arrest and causes conjugating cells to die
shortly after separation from their mating partners (Coyne et al., 1999). In addition to lethality,
∆PDD1 cells display a variety of DNA rearrangement-related abnormalities, including failure to
undergo DNA endoreplication, loss of H3K9 methylation in anlagen, and an inability to excise
IESs (Coyne et al., 1999; Taverna et al., 2002).

Evidence suggests that the ability of Pdd1 to interact with histone modifications is the basis of its
function. First, H3K9 methylation is only seen in developing macronuclear anlagen (Taverna et
al., 2002) and is necessary for DNA elimination (Liu et al., 2004). This modification is lost in
∆PDD1 cells (Taverna et al., 2002), but sterically blocking H3K9me from effector molecules
does not impair Pdd1 localization in anlagen (Liu et al., 2007). In contrast, H3K27me3 can be
detected in both vegetative cells (macronucleus) and in mating cells (parental macronucleus,
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micronuclei, anlagen), showing that this single modification is not restricted to development
(Taverna et al., 2002). Cells subjected to a loss of H3K27me3 via deletion of the histone methyl
transferase EZL1 do show aberrant Pdd1 localization in both nuclei as well as a total loss of
H3K9 methylation in anlagen (Liu et al., 2007). The enrichment of H3K27me3, H3K9me2,3
and Pdd1 at IES loci (Liu et al., 2007) and the phenotypes observed upon loss of PDD1 strongly
support the model that this HP1-like protein acts as an adaptor by recognizing these two
chromatin modifications and recruiting the excision machinery to the proper loci.

Pdd1 does exhibit unusual properties for an HP1 protein. For example, H3K27me3 is commonly
bound by Polycomb-like proteins, which lack the chromoshadow domain and are primarily
associated with developmentally regulated gene silencing and maintenance of cell identity
(Sparmann and van Lohuizen, 2006; Trojer and Reinberg, 2007). To begin to understand how
Pdd1 can bridge RNAi-directed H3K27me3 and the subsequent establishment of H3K9
methylation required for heterochromatization and elimination of IESs, we have mutagenized the
known domains of PDD1. We hypothesized that each of PDD1’s domains fulfills unique roles in
facilitating signal transmission between these modifications and the regulation of this specific
form of heterochromatin. Our results reveal critical roles for both chromodomains and also the
chromoshadow domain, and provide insights into specific events, such as maturation of DNA
elimination foci, that occur during somatic genome reorganization.

RESULTS
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As the somatic genome differentiates from its germline origin, it must be organized de novo from
a transcriptionally naïve state. One third of the genome, the IESs, is marked for elimination by
RNA-guided chromatin modification. Pdd1, a highly specialized HP1-like protein, bridges the
initial establishment of H3K27me3 to subsequent chromatin modifications, i.e. H3K9me2/3, and
the eventual excision of the marked DNA. PDD1 has identifiable domains conserved in HP1
proteins including two chromodomains (CD) and a chromoshadow domain (CSD) (Fig. 1A). We
mutated these different domains to determine how different regions of PDD1 participate in its
various functions. We deleted the individual putative histone methyl-lysine- binding domains,
CD1 (∆CD1), CD2 (∆CD2), and created a double amino acid substitution in the aromatic cage of
CD1 (W97,100A), which should abrogate methyl-histone binding. In an attempt to alter the
protein’s binding specificity, we replaced CD1 with the chromodomain of Pdd3, another
conjugation-specific protein that has been shown to bind H3K9me2, but not H3K27me3 in vitro
(Pdd1/3 CD Swap) (Nikiforov et al., 2000; Taverna et al., 2002). We also mutated the C-terminal
region of the protein, removing the CSD (Truncation) or introducing a single point mutation
known in HP1 proteins to block dimerization of the CSD (I504D) (Cowieson et al., 2000) (Fig.
1B).

Cells lacking PDD1 (∆PDD1) are unable to produce viable progeny when mated, arresting late
in development. To determine whether each domain within PDD1 performs an essential
function, we introduced the mutated form into two ∆PDD1 strains of different mating types,
integrating the construct back into the neo3-disrupted locus, and selecting for transformants by
using a linked blasticidin-resistant marker. We then crossed mutant lines and monitored progeny
production (Fig. 1C). Upon crossing cells, they either produce progeny, die, or abort (back-out)
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of conjugation. Upon reintroducing the wild type gene, we observed full rescue of the ΔPDD1
phenotype as 70 to 80% of mating pairs produced viable progeny. In contrast, most PDD1
mutants tested could not rescue the knockout sufficiently to allow normal development. The one
exception was the I504D chromoshadow domain mutant allele, which produced viable progeny,
but at a severely decreased frequency (~5%) relative to the wild type allele (Fig. 1C). As no
viable progeny were recovered for the ∆CD1 mutant, the double CD1 point mutant (W97,100A),
∆CD2 mutant, Pdd1/3 chromodomain swap mutant, or C-terminal truncation mutant (Supp.
Table 2), all these domains are essential, whereas the chromoshadow domain is important, but
dispensable.

Disruption of CD1 or CSD result in mislocalization of Pdd1 both early and late in
conjugation.

Pdd1 exhibits dynamic reorganization during conjugation, and its assembly into nuclear foci has
been proposed to be a visual indication of its role in assembly of heterochromatin that is targeted
for elimination (Chalker, 2008; Yao et al., 2007). To examine the role of Pdd1’s different
domains in this nuclear organization, we tagged the C-terminus of PDD1 mutants with CFP and
examined their localization patterns alone (Fig. 2A-D) or in the presence of wild-type protein
(Fig. 2E). Fluorescent microscopy of these tagged mutant proteins revealed that both CD1 and
the C-terminal domain are critical for proper Pdd1 localization. Disrupting the methyl-binding
aromatic cage of CD1 (W97,100A) resulted in a protein that is diffusely distributed, both in the
parental macronucleus and the developing anlagen (Fig. 2B). This result indicates that the
binding of Pdd1 to methylated histones facilitates normal organization, as seen in the wild type

40

CFP-tagged rescue construct (Fig. 2A, top panel). In some W97,100A matings, approximately
50% of pairs display abnormal early foci, similar to those observed in crosses of ∆DCL1 or
∆TWI1 mutant strains (Supp. Fig. 1). These abnormal foci were not detected in mutants lacking
the entire chromodomain (∆CD1), indicating a possible role for this domain in Pdd1 selfassociation. The appearance of these foci in a histone binding-deficient mutant is consistent with
the failure to detect conjugation-specific H3K27me3 in RNAi mutants, and suggests a stochastic
aggregation process for unbound Pdd1. Notably, the W97,100A Pdd1 allele is unable to form
15-hour elimination foci when paired with the same untagged mutant, but succeeds in the
presence of wild-type (CU427) Pdd1 (Fig. 2E), which shows that the mutant protein can
assemble with wild-type IES-associated chromatin.

Next, we aimed to determine the importance of the dual histone modification-binding nature of
CD1, which has been shown to bind both H3K9me2,3 and H3K27me3. In an attempt to alter the
binding specificity of Pdd1, we swapped the CD of PDD3, which only binds H3K9me in vitro
(Liu et al., 2007), for PDD1 CD1, and used this mutant to assess how the loss of binding to
H3K27me3, but not H3K9me2,3, would affect the protein’s function. Unexpectedly, the domain
swap resulted in no aberrant localization in any of the nuclei (Fig. 2B), and as H3K27me3 is the
only modification detectable in the parental macronucleus, we conclude that the Pdd3 CD can
indeed bind H3K27me3 when in the context of Pdd1.

The function of the second Pdd1 CD has not been previously explored. Deletion of CD2 does
not obviously disrupt the localization of Pdd1 in early or mid-conjugation (Fig. 2C), suggesting
that this domain is not necessary for Pdd1’s initial association with chromatin. However, this
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mutant protein does not form late (mature) foci, even when expressed with its untagged mutant
form or wild-type Pdd1 (Fig. 2E). It is possible that CD2 forms a critical interface to facilitate
association with other proteins or that loss of this internal domain disrupts the folded structure
necessary for such interactions.

A dramatic phenotype emerged when we truncated PDD1, removing the C-terminal 45 amino
acids. The protein was excluded from both the parental macronucleus and anlagen and instead
appeared diffuse throughout the cytoplasm throughout conjugation (Fig. 2D). We conclude that
the C-terminus likely contains a critical nuclear localization sequence (NLS). The sporadic
appearance of the mutant protein in the old macronucleus late in conjugation may be due to a
loss of integrity of the membrane of this pycnotic nucleus or a secondary localization sequence
within the protein. In addition, truncated Pdd1 often appears concentrated at the fusion junction
between mating cells, but the biological significance of this is uncertain. We attempted to force
the truncated protein into the nucleus by appending the SV40 NLS to its C-terminus (Rahaman et
al., 2008) to observe its ability to interact with chromatin, but this resulted in expression of an
unstable protein.

In addition to an NLS, the C-terminus of PDD1 contains a putative chromoshadow domain,
which in HP1 promotes its dimerization and subsequent interaction with other proteins
(Cowieson et al., 2000; Haldar et al., 2011; Mendez et al., 2011; Yamamoto and Sonoda, 2003).
Direct mutagenesis of a single amino acid, residue I504, revealed an important role for this Cterminal domain in DNA rearrangement. Mutation of the corresponding amino acid, L315, in an
HP1 of fission yeast, Swi6, renders the protein unable to dimerize (Cowieson et al., 2000).
Indeed, I504D mutants failed to form foci either in the parental macronucleus or in anlagen (Fig.
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2D), indicating the critical nature of the domain and hinting that its function may involve Pdd1
self-association through formation of a dimerization platform, a known feature of CSDs
(Cowieson et al., 2000). In support of this theory, the protein is unable to form foci in both the
presence of untagged I504D and also wild-type Pdd1 (Fig. 2D and E).

H3K9me2, but not H3K27me3 is affected in Mutants

The distinct localization patterns of the different PDD1 mutants revealed that the different
domains of the protein contribute specific functionality to the protein. Each domain may have
specific roles in either establishing and/or reading specific histone modifications. During
conjugation, H3K27me3 appears in both the parental macronucleus and the macronuclear
anlagen, while H3K9me2,3 is detectable only in anlagen. In PDD1 knockout cells, H3K27me3
is unperturbed, but H3K9me2,3 is undetectable (Taverna et al., 2002). To determine the
contribution of individual Pdd1 domains to the differentiation of IES chromatin, we monitored
levels of H3K27me3 or H3K9me2 in mutant strains by immunofluorescence.

Levels of H3K27me3 staining were unaffected in PDD1 mutants, which was expected as Pdd1
acts downstream of this RNAi-directed modification. In contrast, control matings of ∆TWI1
cells failed to accumulate H3K27me3 (Fig. 3A). In contrast, the individual domain mutant
strains exhibited divergent alterations in levels of H3K9me2. Both the ∆CD1 and CD1 pointmutant cells, as well as C-terminal truncation mutant that does not enter developing nuclei, failed
to establish or maintain detectable H3K9me2 (Fig. 3B) Other PDD1 mutants had a less severe
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impact on this modification. In crosses of both ∆CD2 and the Pdd1/3 CD swap strains,
H3K9me2 levels were significantly reduced, but still detectable. Strains containing I504D
mutant showed only a partial reduction of this modification. Thus, the histone-lysine-methyl
binding activity of CD1 is absolutely required for the establishment and/or maintenance of H3K9
methylation, but other domains are important to ensure that complete accumulation of this
modification is achieved.

Interestingly, although the chromodomain of PDD3 rescues the localization of Pdd1 in parental
macronuclei, suggesting it can bind H3K27me3 in vivo, it only partially rescued H3K9me2
accumulation (Fig. 3B). This may reflect the importance of the dual-binding affinity of Pdd1
CD1 to mediate the transition from the H3K27me3 modification chromatin to the doubly
modified state. The affinity of the Pdd3 CD for one particular lysine modification relative to the
other may alter the stability of the chimeric protein on H3K27me3 relative to that of the wildtype Pdd1 and, in turn, make this mutant less effective at establishing H3K9me2 modified
chromatin. Alternatively, the Pdd1 CD1 may facilitate interactions with chromatin or other
proteins that are involved in establishing H3K9me2, which the Pdd3 CD does not. Either way, it
is clear that the Pdd3 CD cannot fully replace the function of Pdd1 CD1.

A decrease in H3K9me2 in ∆CD2 mutants (Fig. 3B) was unexpected, considering this protein
appears to localize normally and the second chromodomain is significantly divergent from CD1,
lacking the critical aromatic cage residues. It is possible that CD2 plays an auxiliary role in
either stabilizing the protein or helping recruit other factors that increase the efficiency of
modification. Interestingly, the strongest methylation signal was seen in the I504D
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chromoshadow domain mutant, lending support to the hypothesis that this mutant successfully
interacts with chromatin via its N-terminal chromodomain, while the C-terminus fulfills a
separate role, possibly mediating critical protein-protein interactions.

The severity of the developmental arrest corresponds to the altered localization and
chromatin modifications observed in mutants

Cells lacking Pdd1 (∆PDD1) can enter conjugation and initiate macronuclear differentiation, but
arrest at the end of development with a total of four nuclei: two macronuclei and two
micronuclei. Wild-type cells complete development by eliminating one of these two micronuclei
and are then poised to divide once provided food. To determine the severity of the
developmental arrest, we examined the nuclear morphology of each mutant at its conjugation
end-point. Nuclei of mated strains (n ≈ 200 for each cross, Supp. Table 3) were stained with
DAPI ~24 hours after mixing cells to induce conjugation. ∆PDD1 cells rescued by introduction
of a wild type construct proceed to the two-macronucleus, one-micronucleus stage approximately
93% of the time. This was in stark contrast to the W97,100A, ∆CD1, and Pdd1 truncation cells,
none of which ever progressed beyond the two-macronucleus, one-micronucleus arrest stage
(Fig. 4B). A combination of arrested and terminal end-point phenotypes was observed in crosses
of the CD Swap, ∆CD2, and I504D mutant strains as 51%, 21%, and 73%, of mated pairs
reached the terminal two-macronucleus, two-micronucleus stage, respectively (Fig. 4B).
Notably, I504D mutants proceed to the end of conjugation with no indication of Pdd1 selforganization, suggesting that absorption of the second micronucleus does not require a
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downstream signal dependent upon foci formation. However, despite the relatively successful
progression to the normal nuclear phenotype, I504D mutants still produce progeny only 5% of
the time, indicating that its dysfunction may be most problematic in later stages of conjugation.

M-element requires different domains for rearrangement than IES C

As some Pdd1 mutants proceeded beyond the developmental arrest and established detectable
levels of H3K9me3, it is possible that they also directed IES excision. To assess which PDD1
mutants are able to promote excision, we examined the rearrangement of two different IES
regions. The M-element is a well-characterized IES that exhibits alternative rearrangement,
eliminating either 0.6 kb (∆0.6 kb) or 0.9 kb (∆0.9 kb) from the germline-derived locus. The
unrearranged and two rearranged forms can be detected in a single PCR reaction using
oligonucleotide primers flanking the eliminated region. The parental macronuclei of all of the
mutant strains possessed only the ∆0.9 kb form; thus, after mating, any appearance of the 0.6 kb
form is indicative of successful rearrangement in the developing macronuclei. Of all of these
mutants, only the I504D mutant was able to complete de novo rearrangement of the M element
(Fig. 5A).

As different IESs may have distinct rearrangement requirements or efficiencies, we monitored
the rearrangement of a second IES that exhibits alternative rearrangement, IES C, in each mutant
cross (Fass et al., 2011). All parent lines have a single rearranged from, therefore appearance of
a slightly larger, ~180 bp band, reveals de novo rearrangement. As expected, in wild-type
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rescued strains and the I504D mutants, a rearranged form of IES C was detectable (Fig. 5B).
Even though neither the ∆CD2 nor CD Swap mutants produce detectable rearrangement of the M
element, these same mutants did rearrange IES C to some degree. Both of these mutants showed
evidence of H3K9me2 establishment; thus, their ability to carry out some rearrangement is
consistent with the severity of other phenotypes observed (Fig. 2-4).

Phosphorylation is reduced in ∆CD2 mutants

Phosphorylation of the heterochromatin protein Swi6 has been shown to be critical for protein
function by regulating its recruitment of the SHREC silencing complex (Shimada et al., 2009),
while in Drosophila HP1 it is critical for heterochromatin binding (Zhao and Eissenberg, 1999).
Pdd1 is also phosphorylated during conjugation, evident by western blot analysis as a slower
migrating protein that appears around 6 hours and peaks at 8 hours (Madireddi et al., 1996;
Smothers et al., 1997). The purpose of this modification is not known, but its transient
appearance suggests a mid-conjugation function, and its reduction corresponds to the maturation
of elimination foci. As several of the domain mutants fail to form foci (Fig. 2), we investigated
the possibility of a link between these mislocalization phenotypes and the phosphorylation state
of the protein. Whole-cell protein extracts from mated cells of each mutant type were collected at
one-hour intervals, run on an SDS-PAGE gel, and incubated with a Pdd1 antibody to assess the
emergence of larger protein forms.
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We were unable to determine the phosphorylation state of the truncation mutant as the protein
did not stably accumulate to sufficient levels to allow detection, likely due to its failure to enter
the nucleus (Supp. Fig. 2). For all but one of the other mutants, phosphorylation was not
obviously perturbed; thus, we were unable to draw any direct correlation between Pdd1
phosphorylation and its localization (Supp. Fig. 2). However, for the ∆CD2 mutants, two
separate sample collections showed a noticeable decrease of the larger (phosphorylated) protein
form relative to the levels detected in wild-type samples from the same time points (Supp. Fig.
2). This result suggests that either CD2 itself is phosphorylated or possibly that it helps recruit a
kinase to modify another part of the protein. A search for phosphorylatable residues in CD2
using the prediction software NetPhos 2.0 (Blom et al., 1999) did not yield any potential
candidates for modification. Another alternative that must be considered is that the lack of the
second chromodomain alters the protein structure, reducing the phosphorylated residue’s
accessibility to its kinase.

CSD mutant cannot recruit necessary excision factors

A previous study showed that a LexA-Pdd1 fusion protein is sufficient to drive DNA elimination
when it is tethered to a target sequence (containing LexA binding sites), likely in the absence of
upstream chromatin modifications (Taverna et al., 2002). We adopted this assay to assess the
different roles of the various domains of PDD1. CD1 of Pdd1 is postulated to recruit the protein
to H3K9,27 methylated histones. To determine whether Pdd1 recruitment through chromatin
interaction is both the primary and essential role of this domain, we replaced CD1 with the LexA
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DNA binding domain (Fig. 6A) and added a C-terminal CFP tag to confirm expression and
correct localization, and integrated this fusion construct into the PDD1 locus. Only a portion of
the macronuclear copies of PDD1 were replaced, allowing us to express both the wild-type and
fusion protein in the same transformants. Into strains expressing this fusion we introduced a
chimeric IES, 5xLAop, consisting of the binding sites for five different LexA operator binding
sites (Walker, 1984) flanked by M-element boundary sequences, carried on an rDNA-based,
replicating vector (Fig. 6A). The resulting transformants were analyzed by Southern blot
analysis for evidence of rearrangement. This chimeric IES shows no detectable rearrangement
when introduced into conjugating wild-type strains (CU427 x CU428) (Supp. Fig. 3); however,
in cells expressing LexA_Pdd1, excision of the 5xLAop was easily detected (Fig. 6C). Thus CD1
is probably required for recruitment of Pdd1 to IES chromatin, but is not needed to otherwise
facilitate excision.

We next tested the role of CD2 and the chromoshadow domain in IES excision, by either
deleting CD2 from or introducing the I504D mutation into LexA_Pdd1. Cells expressing these
altered fusions were mated and the 5xLAop plasmid was introduced. LexA_∆CD2 was able to
perform excision of the chimeric IES, which is consistent with the idea that one role of this
domain may be to help recruit or stabilize Pdd1 on the modified chromatin. It is not essential for
the recruitment of the remainder of the IES excision machinery. It remains possible that this
LexA_∆CD2 mutant may heterodimerize with the wild-type Pdd1 still expressed in these
transgenic cells, and this functional Pdd1 is sufficient to facilitate rearrangement. In contrast,
the LexA_I504D mutant did not support rearrangement of the 5xLAop plasmid (Fig. 6C). This
further supports the hypothesis that the I504D mutant is unable to interact with its wild-type
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counterpart, and alone it is unable to recruit the necessary downstream excision machinery to the
LexA-IES.

DISCUSSION

By generating mutants in the various domains of PDD1, we have gained new insights into how
this specialized HP1-like protein contributes to developmental remodeling of the somatic
genome. An atypical feature of PDD1 is the presence of two chromodomains. We found that the
first chromodomain is absolutely required for the establishment and/or maintenance of H3K9
methylation (Fig 3), but is dispensable for IES excision if the remainder of the protein is
recruited to the eliminated sequence, tethered by a LexA DNA binding domain (Fig 5A). In fact,
either deleting (ΔCD1) or simply mutating the methyl-lysine binding cage (W97A and W100A)
caused 100% lethality following conjugation, which demonstrates that recruitment of Pdd1 to
modified chromatin is required for it to perform its roles in genome restructuring.

Mutations in either CD2 or the chromoshadow domain had weaker phenotypes relative to the
CD1 mutations and revealed specific roles of these regions of the protein. Pdd1 with alterations
in these domains still promoted some H3K9 methylation and IES excision. The levels of H3K9
methylation established in each mutant largely correlated with the degree of rescue of both IES
excision and progeny viability, which suggests that directing the establishment of this
modification is an essential function of Pdd1. Even though CD2 and chromoshadow domain
mutants supported some IES excision, neither mutant protein assembled into mature DNA
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elimination foci, even when expressed together with wild-type Pdd1 (Fig. 2E). Mutations in CD1
are able to assemble into these foci in the presence of wild-type protein (Fig. 2E); thus it is the
other domains that have important roles in the formation of mature Pdd1 foci. Nevertheless, the
fact that they support some rearrangement suggests that the nuclear re-organization evident by
foci formation is less critical than the establishment of the chromatin modifications in the first
place.

Pdd1 bridges RNAi-directed H3K27 methylation and the establishment of H3K9 methylation on
IESs. In an effort to determine whether the ability of CD1 to bind either of these modifications
(Liu et al., 2007) was required for Pdd1 to mediate this transition, we replaced the dualspecificity CD1 of PDD1 with the CD of PDD3, which was shown to bind only H3K9me2 and
not H3K27me3 in vitro (Liu et al., 2007; Taverna et al., 2002). Somewhat unexpectedly, this
chimeric protein exhibited wild-type Pdd1 localization in parental macronuclei, where only
H3K27me3 occurs, and formed mature foci in anlagen (Fig. 2B). Importantly, this chimera
rescued some H3K9 methylation, albeit to a lesser degree than wild-type. Furthermore,
approximately half the exconjugant population escaped the developmental arrest of the parent

ΔPDD1 strains, reaching the two-macronucleus, one-micronucleus end-point, although cells
expressing this PDD1/3 chimera produced no viable progeny. Together, these results suggest that
the Pdd3 CD acquired the ability to bind H3K27me3 in vivo. The altered binding of the Pdd3 CD
may be due to assistance from other Pdd1-histone interactions; even so, it was ultimately unable
to fully substitute for CD1.
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The enigmatic second chromodomain of PDD1 clearly performs an important function, as its
loss renders the cells unable to produce progeny or efficiently rearrange DNA. Nevertheless, the
localization of the ∆CD2 mutant protein was largely indistinguishable from wild-type until late
conjugation, when elimination foci failed to form. We did observe a severe reduction of the
phosphorylated form of this mutant, despite its lack of obvious phosphorylation sites (Supp. Fig.
2). It is possible that the reduction in phosphorylation in these mutants is an impediment to Pdd1
function.

Mutations engineered at the C-terminus of PDD1 indicated that this region supports at least two
important functions; nuclear localization and dimerization. The C-terminal truncation mutant had
the most extreme phenotype of any of those we examined as it remained in the cytoplasm at all
stages of development. Appending the SV40 NLS to this mutant resulted in failure of expression,
but modifying this approach may allow a more thorough investigation of possible additional
functions specified by the C-terminus. The phenotype of the I504D mutant was consistent with
this putative chromoshadow domain promoting dimerization. While this mutant was able to
facilitate some IES rearrangement in the genome and produce progeny at a very low rate, it
failed to coalesce into DNA elimination foci. This suggests that efficient dimerization is likely
required for the maturation of DNA elimination foci, but also indicates that Pdd1 foci formation
is not critical for completion of conjugation. In these mutants, at least some of the H3K9me2
that accumulated must be targeted to IESs, but this has not been directly measured. It is worth
noting that the low level of progeny recovered from I504D matings is comparable to what is
observed when C-terminal CFP-tagged Pdd1 cells are mated (Fig. 1C), suggesting that the CFP
tag may be a hindrance to the function of the CSD, possibly interrupting protein-protein contacts.
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Indeed, in the absence of untagged Pdd1, no mature CFP foci are observed, with the proteins
instead forming an aberrant filamentous pattern in the nucleus (Supp. Fig. 4). These observations
do suggest that CSD-mediated dimer- or multimerization plays an important role in Tetrahymena
genome rearrangement, and may help recruit the downstream excision/end-rejoining machinery.
This hypothesis is supported by data from the LexA tethering experiment, in which the I504D
mutant could produce little or no rearrangement when recruited to our test IES.

Our finding that the I504D mutation supported some IES excision from genomic sites, but not
when tethered to the LexA-IES in the plasmid-based assay is a bit paradoxical. This could
simply reflect the fact that that rearrangement efficiency of plasmid-based IESs is routinely low
relative to genomic IESs (note that the majority of the plasmid-based M element failed to be
rearranged, even in wild-type matings – Supp Fig. S3). The difference in efficiencies may result
from the longer time period that genomic IES are available to interact with Pdd1 and the rest of
rearrangement machinery, relative to the plasmid copies that are transiently introduced late into
conjugation. Alternatively, local concentration of Pdd1 may be higher at genomic sites and
provide some interactions that compensate for the inability of mutant Pdd1 to dimerize.
Regardless of the reason, the observation that the LexA-Pdd1-I504D cannot promote excision of
the LexA-IES underscores the importance of dimerization for the recruitment of the downstream
components of the excision machinery.

In studying the phenotypes of these mutants, we have focused on the failure of post-zygotic
events of chromatin modification, foci formation, and DNA elimination. It is possible that some
phenotypes we observed are due to the absence of wild-type Pdd1 from pre-zygotic (parental)
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micro- and/or macronuclei. Previously, RT-PCR analysis showed that the parental macronucleus
is transcribed at relatively high levels from 4-8 hours into conjugation, and these long, noncoding RNAs may sequester scnRNA/Twi1 complexes (Aronica et al., 2008). Additionally,
evidence suggests certain IES-like sequences persist in somatic nuclei, despite sharing homology
with the excised M element (Gao and Chalker, unpublished data). Thus, we considered the
possibility that Pdd1 acts as in genome surveillance mechanism by reducing parental
macronuclear transcription of repetitive sequences and allowing homologous scnRNAs to escape
scanning and be later transported to the anlagen where they could target persisting IES-like loci
for elimination during rearrangement. Examination of the RNA species present at this time was
unable to detect a difference in transcription of M element-like loci between wild-type and
∆PDD1 mating cells (data not shown), failing to support this idea.

Perhaps the simplest explanation for Pdd1’s presence in parental macronuclei is to fulfill the
function shared by all HP1 homologs in down-regulating transcription by promoting
heterochromatin formation (reviewed in (Lomberk et al., 2006)). As conjugation progresses in
Tetrahymena, the old parental macronucleus becomes pycnotic while the newly emerged anlagen
rapidly transition into functional somatic nuclei. This massive conversion to zygotic expression
would require a significant re-allocation of transcriptional resources, and it is possible that PDD1
is highly expressed early in conjugation to reduce genome-wide activity from the parental
macronucleus in preparation for development of the next generation. The mutants that we have
generated in this study should be useful in the investigating Pdd1 function in these pre-zygotic
stages where its roles remain elusive.
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Figure 1. CD1, CD2, and the CSD have critical functions. Mutations were produced for each of the three PDD1 domains and resulting progeny levels were
assessed. (A) Domain alignment of chromodomains (i) or chromoshadow domains (ii) of Pdd1 and other HP1-like proteins. (B) Schematic illustration of
constructs, either wild-type rescue control (i), CD1 mutants (ii), CD2 mutant (iii) or CSD mutants (iv). (C) Progeny production of domain mutants following
[mutant x wild-type (CU427)] or [mutant x mutant] crosses. Note the low number of true progeny of wild-type CFP-tagged protein crosses in comparison to
untagged wild-type.
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Figure 2. Pdd1 mutations alter nuclear localization. Localization of CFP-tagged mutant proteins in the parental
macronucleus in early conjugation (~6 hrs, top row), anlagen in mid-conjugation (~9 hrs, second row) for [mutant-CFP x
mutant-CFP] and 15 hour foci of [mutant-CFP x untagged mutant] crosses for (A) wild-type PDD1-CFP, (B) CD1 mutantCFP, (C) ∆CD2-CFP, or (D) CSD mutant-CFP cells. (E) 15 hr localization of [mutant-CFP x wild-type (CU427)] crosses. Top
row label refers to entire column. Images in first two rows (Early/Mid Conjugation) were obtained from same mating;
each Enlargement depicts one magnified nucleus from Mid Conjugation image above.
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Figure 3
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Figure 3. CD1 is required for H3K9me2. Histone methylation staining of Pdd1 mutant cells at 10 hours post-mixing. (A)
Mated cells immunostained for histone modifications show that H3K27me3 is present in anlagen of all Pdd1 mutants but
not in ∆TWI1 cells. (B) H3K9me2 levels are either absent (W97, 100A, ∆CD1, Truncation, KO) or reduced (CD Swap, ∆CD2, or
I504D) in Pdd1 mutant cells. Each mutant pair was assigned a qualitative rating of staining (- to +++) based on intensity
and prevalence of immunofluorescence in all cells viewed as compared to wild-type Pdd1.
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Figure 4. The degree of developmental arrest correlates with levels of H3K9me2. Nuclei phenotypes of wild-type and
Pdd1 mutant cells at 24 hours post-mating. (A) Representative phenotypes of mutant crosses following fixation in paraformaldehyde and DAPI staining. (B) Percentage of mated cells that have either arrested at the 2-macronuclear, 2micronuclear stage (red) or proceeded to the 2-macronuclear, 1-micronuclear stage (blue). Approximately 200 cells were
counted for each mutant type.
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Figure 5
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Figure 5. CD1, but not CD2 and the CSD, is required for IES excision. PCR assessment of IES rearrangement of genomic DNA in Pdd1
mutant cells. (A) M-element rearrangement of Pdd1 mutants. Unrearranged DNA result in a 1.2 kb product (top arrow) while all parent
cells contain the 0.3 kb fragment exclusively (bottom arrow). Emergence of the 0.6 kb fragment (middle arrows) in 24-hr post-mating
samples indicates new rearrangement. For all, P1 and P2 lanes contain genomic DNA isolated from the two starved, unmated parental
cell lines; 24-hr refers to genomic DNA isolated from the pool of mated cells 24 hours after mixing the two parent cell lines. (B)
Rearrangement of IES C. The parental rearranged form is ~150 bp, with new rearrangement visible as a ~180 bp band. Asterisk (*)
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A
i.
CSD

CD2

CD1

LexA

Wild-type Pdd1

CSD

CFP

LexA_∆CD2

D
LexA

CSD

CD2

CFP

LexA

LexA_Pdd1

CD2

CSD*

CFP LexA_I504D

ii.
M-boundary

lexA-2

recA

cle1-1

uvrA

uvrD

M-boundary

5xLAop rDNA vector

B

C

M

0.3 kb

5xLAop

M-element

M

M

0.3 kb

5x LexAop

OR
rDNA vector (PM-r)

rDNA vector (PM-r)

M

LexA _∆CD2

LexA_Pdd1
M
Vec

M
-e
le
5x m
LA
op

M-element

M-element

5xLAop

LexA_I504D
M-element

5xLAop

LAop
Vec
1.2kb

Electroporate into
mating cells
OR

OR
LexA_Pdd1

LexA_∆CD2

0.6kb
Deletion

LexA_I504D
0.9kb
Deletion

Select progeny with PM

Isolate gDNA of transformants, assay
rearrangement via Southern blot

Figure 6. The CSD is required to efficiently recruit the excision machinery. LexA tethering assay, showing the ability of
Pdd1 domain mutants to facilitate rearrangement of an ectopic IES. (A) Constructs produced for LexA tethering assay,
including Pdd1 variants (i) and the 5xLAop rDNA vector (ii). (B) Schematic flow chart of assay protocol. (C) Southern blot to
visualize resultant rDNA-vector IES forms following electroporation into either wild-type or LexA_Pdd1 mutant variants.
Note the lack of rearranged products for LexA_I504D, but not LexA_∆CD2 mutants. For untagged Pdd1 control data, see
Supp. Fig. 3.
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Supplemental Figure 1

W97,100A-CFP x W97,100A-CFP

CFP

Anlagen

Figure S1. Early anlagen foci phenotype seen in ~50% of cells in some W97A, W100A-CFP matings. Foci are present
when anlagen emerge at around 7 hours post-mixing.
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Supplemental Figure 2A,B
Figure S2A. Western Blot Analysis of ∆CD2 compared with wild-type Pdd1
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Figure S2B. Western Blot Analysis of CD1 and CSD Pdd1 mutants
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Figure S2. Western blot analysis of Pdd1 from whole-protein extracts collected at one hour intervals during mating. (A) Two
separate samplings suggest a lower ratio of phosphorylated to un-phosphorylated protein forms for ∆CD2 mutants relative to wild
type. (B) Mutations in CD1 or the CSD do not appear to affect phosphorylation of Pdd1. (C) Netphos 2.0 prediction software
analysis of phosphorylatable residues in Pdd1. (D) Netphos 2.0 prediction software analysis of phosphorylatable residues in CD2.
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Supplemental Figure 2C,D
Figure S2C. Phosphorylation analysis of Pdd1 with NetPhos 2.0 Software

Figure S2D. Phosphorylation analysis of CD2 with NetPhos 2.0 Software
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Supplemental Figure 3
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Figure S3. LexA tethering control experiment, showing a failure of non-tagged, wild-type [CU427 x CU428] cells
to rearrange the 5xLAop ectopic IES in the absence of LexA_Pdd1.
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Supplemental Figure 4

Pdd1 CFP x Pdd1 CFP

CFP

Figure S4. Filamentous appearance of [Pdd1-CFP x Pdd1-CFP] mated cells at 24 hours post-mixing. In the absence of untagged Pdd1,
fluorescent-tagged Pdd1 cannot coalesce into elimination foci.
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Supplemental Table 1

Oligo #
1563
3304
3306
3308
3309
3254
3255
3256
3257
3258
3259
3305
2385
2386
2387
2388
3405
3406
3307
3615
3616
3632
3633

Oligo Sequence (5' to 3')
CAC CAT GTT TAC TGT GAA ATC ACT CTA
AGT TAA GTT AAC TTG ATG TTT ACT GTG AAA TCA CTC TAA TAA
GAT CCT AGG ATG AGT AAG TTA TTA ATT AGC TTG TCT
TTT CCG CTT TGA CAA GAT ATT CTT TTT GCT TGG T
TTG TCA AAG CGG AAA ACG CGC CTA TTG AAG ACT CTA CCT GGG AA
GAT CTA GGG CCC GTC GAC CCA AAG AAT GCT TTG AAT TTC
ACT TGG GGG CCC GTT AAC CAA AGC ATT AAT CAA TAG TTT TAA
GAT CTA CTC GAG TAA ATT ATT TAG TGA TTA CGG CTT GAT TAA
ACT TGG AGA TCT CTC ACG ATC ATG ATT TAT CTT AAT TAT CTA TAG G
GAT CTA CCC GGG GAT GAA CTC AAT AAA TTT TCT TAT TAG AAA CC
ACT TGG GGA TCC GCA GTG AAT CCA TCT TCT TAG
TAT CTC GAG TCA GGA CTT GTA CAG CTC GTC
ATA CTC GAG CTC TTC CTC TTC AGT ATC AGA GC?
ATA CTC GAG AGG CCT CAA CCT ACT GGA CCT ATC AC
ATA CTG AAG AGG AAG AG TAA TAA GAA TAT GAA GTT GAA AAA ATT ATC
TCC AGT AGG TTG AGG ATT TTA GTT AAG GGA ATG TTT GTT TC
TAC ACT AGT TTC GTC TGC ATC AGC ATT GTT
TAC ACT AGT ATT AAA GAT GAT GTT ATA GCT TAT GAA GAT
ATA CCT AGG TTA TCT GAT TTT CCA AAA AAC TTC AAA CCT TGA
GAT ATG AGC CTT AAG TTC TCG ACG ATT TCC TCT TAC AAC ATT C
GAA TGT TGT AAG AGG AAA TCG TCG AGA ACT TAA GGC TCA TAT C
ATT GAG CTC AAA GCG TTA ACG GCC
ATT ATA AGG CCT CAG CCA GTC GCC GTT

Table S1. Oligonucleotides used in PDD1 mutant vector construction.
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Supplemental Table 2
Table S2. Progeny production of mutants

wt CFP x wt CFP

viable
8/44

backout
7/44

progeny
1/44

wt rescue x wt rescue (untagged)

71/88

2/88

69/88

W97,100A A x 427 (wt)
W97,100A B x 427 (wt)
W97,100A A x W97,100A B

38/44
33/44
5/44

2/44
1/44
5/44

36/44
32/44
0/44

∆Cd1 A x 427 (wt)
∆Cd1 B x 427 (wt)
∆Cd1 A x ∆Cd1 B

22/24
20/24
3/44

1/24
0/22
3/44

21/24
20/22
0/44

CD Swap A x 427 (wt)
CD Swap B x 427 (wt)
CD Swap x CD Swap

20/23
17/23
1/44

0/23
0/23
1/44

20/23
17/23
0/44

∆Cd2 A x 427 (wt)
∆Cd2 B x 427 (wt)
∆Cd2 A x ∆CD2 B

37/44
41/44
5/44

4/44
3/44
5/44

33/44
38/44
0/44

Trunc A x 427 (wt)
Trunc B x 427 (wt)
Trunc A x Trunc B

15/23
17/23
2/44

0/23
1/23
2/44

15/23
16/23
0/44

I504D A X 427 (wt)
I504D B X 427 (wt)
I504D A x I504D B

40/44
40/44
2/44

3/44
5/44
0/44

37/44
35/44
2/44

Supplementary Table 2. Raw data from mutant cell matings in which single pairs were subcloned
into individual wells. ‘Viable’ column indicates number of live wells 2-3 days after mating; ‘backout’
refers to aborted matings, measured by retained resistance to blasticidin.
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Supplementary Table 3
Table S3. Macronuclei/micronuclei counts of mutant cells 24 hr post-mixing.

wt
W97A,100A
∆CD1
CD Swap
∆CD2
Truncation
I504D
KO

2 mac 1 mic 2 mac 2 mic
200
15
0
205
0
207
111
106
45
164
0
209
155
56
0
208

Supplementary Table 3. Raw data from nuclei phenotype obtained ~24 hours post-mixing. Approximately 200 mated,
separated cells were counted for each indicated pair.
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Chapter 4
Misplaced, Misshapen, and Absent: The Fickle Nature of Foci and CFP’s Negative
Influence on their Formation
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We began our investigation into Pdd1 domains by producing mutant alleles in an inducible
rDNA vector (described in Materials and Methods, Chapter 2), in which our genes of interest
were cloned upstream of a C-terminal CFP tag under the control of the MTT promoter. This
system has several advantages, including ease of vector construction using the Gateway®
system, efficient transformation through electroporation, and high levels of gene expression.
Furthermore, replicative rDNA constructs have been successfully used in previous studies
involving both N- and C-terminal fluorescently tagged Pdd1 (Yao et al., 2007). Yet, this method
proved to be an unreliable source of data for the Pdd1 domain study, ultimately forcing us to
abandon it in pursuit of more interpretable results.

Our initial studies involved expressing either wild-type PDD1 or PDD1∆CD1 from the inducible
rDNA vector. As expected, both these transformants showed easily visible fluorescent
expression, and as shown in Figure 1A, the localization of the Pdd1-CFP protein was as expected
in some transformants. However, in another transformed cell line from the same electroporation,
the localization was often non-nuclear and resulted in large, cytoplasmic aggregates of CFPtagged protein (Figure 1B). Thus, it was apparent that the Pdd1 protein visible did not
necessarily accurately reflect its native biological state. One possibility for this unusual
phenomenon is that excessive Pdd1 production led to its sequestration by the cell. Since the
rDNA mini-chromosome is present in 9000 copies (Spangler and Blackburn, 1985), and the
cadmium-induced MTT promoter may drive transcription at a higher level than the native PDD1
promoter, it is reasonable to consider that more protein might be produced than can be utilized.
However, as seen in Figure 1B, protein levels in the nuclei do not appear saturated compared to
the cytoplasmic concentrations, suggesting other factors may be involved. Another potential
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explanation for the unusual foci is that they are simply artifacts of the YFP tag, which has also
been shown to promote protein polymerization in bacteria (Swulius and Jensen, 2012), and
influence the localization of the protein to which it is appended.

Localization of the Pdd1∆CD1-CFP protein was particularly unusual, with the protein often
appearing in large foci around in the parental macronucleus, either throughout the nucleus
(Figure 2A, left) or around the perimeter (Figure 2A, right). Anlagen distribution ranged from an
even, granule-like appearance (Figure 2B, left) to a dense conglomeration of protein (Figure 2B,
right). Although visually interesting, the variability of the control wild-type pICC_Pdd1-CFP
experiment prevented us from drawing strong conclusions based on this intriguing but potentially
unreliable result.

In order to confidently interpret results from our mutagenesis studies, we needed to ensure that
the results were both reproducible and an accurate reflection of Tetrahymena biology. Meeting
these two requirements impelled us to redesign our initial experiments and produce endogenous
transformation constructs, with the rationale that a gene expressed from its chromosomal locus
would have both the correct copy number and the biological level of transcription while under
the control of its own promoter. Thus, we produced a CFP-tagged version of each of our
mutants to integrate into the genomic PDD1 locus of ∆PDD1 cells via homologous
recombination (see Chapter 3, Figure 2 for these localization data). Pdd1 knockout cells were
used to ensure that mutant Pdd1 localization would not be influenced by endogenous wild-type
Pdd1 from genomes not completely assorted to the mutant allele.
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Although this approach appeared initially successful, with the tagged mutants displaying unique
and reproducible localization in the parental macronucleus and mid-conjugation anlagen, we
observed an inability of the CFP-tagged Pdd1 to form late conjugation elimination foci. Instead
of foci, protein localization often appeared filamentous, as if it were forming a type of protein
scaffold throughout the nucleus. Additionally, the tagged protein could still be seen 24 hours
after conjugation initiation, indicating it persisted in the cell long after wild-type Pdd1 would
have been degraded. This was true for both Pdd1-CFP at the endogenous locus, an MTT-driven
PDD1-YFP construct expressed from the rpl29 locus in ∆PDD1 cells (Figure 3A), and each
tagged mutant, including W97A,100A-CFP (Figure 3B). However, tagged Pdd1 in these cells
readily formed foci when crossed with another cell containing the unmodified, wild-type PDD1
locus. We concluded that if only tagged Pdd1 is present, the protein’s foci-forming ability, and
likely its function, is disrupted.

It is possible that the globular fluorescent protein sterically hinders Pdd1, and in particular may
interfere with protein/protein interactions of the C-terminal chromoshadow domain. We show
that disruption of this domain with the I504D mutation appears to prevent Pdd1 from selfassociating or recruiting excision factors (Chapter 3), indicating the importance of CSDmediated binding interaction. Therefore, it is reasonable to conclude that in close proximity with
several other IES-associated factors, a CFP or YFP tag might disrupt the structure of the native
protein complexes. This hypothesis is supported by the progeny production data of the
endogenous Pdd1-CFP cells, which, at around 5%, is similar to rescue levels of the I504D
mutant.
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To circumvent this issue, we produced untagged versions of each mutant to cross with their CFPtagged counterparts to obtain accurate foci formation data (see Chapter 3, Figure 2A-D, bottom
panels). Additionally, the untagged strains were determined to be the least impaired, and were
used for all subsequent functional studies. Indeed, for wild-type Pdd1, the untagged rescue
construct progeny production increased to over 90%, comparable to [CU427 x CU428] matings.
It is possible that a smaller tag, such as HA or FLAG, might be less disruptive, and this could be
worth investigating if purification of complexes is desired. Regardless, our results illustrate the
importance of minimizing potentially disruptive variables when pursuing functional studies of
genes involved in conjugation in Tetrahymena.
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Figure 1. Expression and localization of pICC_Pdd1-CFP. (A) Normal localization and (B)
aberrant protein aggregates.
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Figure 2. Unusual localization patterns of pICC_Pdd1∆CD1-CFP in (A) parental macronuclei
in early conjugation or (B) anlagen.

80

Figure 3. Filamentous localization of fluorescent-tagged proteins, either (A) [wild-type YFP x
wild-type YFP] or (B) [W97,100A-CFP x W97,100A-CFP]. Both images from cells 24 hours
post-mixing.
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Discussion

Directed mutagenesis of Pdd1’s domains has shown that each one fulfills an important role in the
function of this highly expressed, conjugation-specific protein. The specific mutations
investigated in this study were 95-100% lethal, with most causing abnormal localization of Pdd1
and even those without obvious mislocalization unable to facilitate successful development. In
addition to highlighting the importance of each domain, our studies also direct further lines of
inquiry regarding their specific functions.

The first chromodomain, which shares homology with that of HP1, and specifically the two
residues that form a methyl-binding cage, W97 and W100, was shown to be critical for proper
function, as cells experienced 100% lethality in ∆CD1 or point mutants following conjugation.
These mutants shared a mislocalization pattern, both appearing diffuse in the parental
macronucleus and anlagen, and both unable to form mature elimination foci in the absence of
wild-type Pdd1 (See Chapter 3, Figure 2). This suggests that the methyl-binding ability of the
cell is paramount to its localization. Indeed, when the Pdd3 CD was introduced to the
PDD1∆CD1 gene in place of CD1, the protein regained its speckled appearance in both the
parental macronucleus and the anlagen. Furthermore, this chimeric protein formed mature foci
in the absence of wild-type Pdd1, highlighting the function of modified histone binding in this
process. Chromodomain 1 mutants also displayed the most severe 24-hour nuclear phenotype of
any of the nuclear-targeted mutants, with 100% of exconjugants arresting at the 2-micronuclear,
2 macronuclear stage. They also lost all H3K9me2,3 (but not H3K27me3) and failed to show
any evidence of IES excision. Together, these data suggest that the ability of the protein to bind
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modified histones, and possibly to accomplish this early in the parental macronucleus, is
paramount to successful conjugation. This hypothesis is supported by the LexA tethering
experiment, which showed that CD1 is dispensable for IES excision if Pdd1 can be targeted to
the IES locus through alternate means.

One question we sought to address with this study is the dual-binding nature of Pdd1 CD1 with
regard to H3K27me3 and H3K9me2. By swapping in the chromodomain of Pdd3, which was
only shown to bind H3K9me2 in vitro, for the first chromodomain of Pdd1, which binds both
modifications (Liu et al., 2007; Taverna et al., 2002), we aimed to make a Pdd1 protein lacking
the ability to bind H3K27me3. With this strategy, we reasoned that it may be possible to
investigate distinct effects of binding each modification. As shown in Chapter 3, Figure 2B, the
localization of the chimeric protein is comparable to that of wild-type Pdd1 both in the parental
macronucleus and the anlagen, at least prior to foci formation. However, cells containing this
Pdd1/3 chimera were unable to produce any progeny, despite indications of H3K9me2 occurring
in limited amounts and approximately half the exconjugant population proceeding to the two
macronuclear, one micronuclear stage. Thus, while the Pdd3 chromodomain binds H3K9me2 in
vitro and appeared to readily bind modified H3K27 in vivo, it still cannot functionally substitute
for Pdd1 CD1. The observation that Pdd3 CD does appear to possess the ability to bind
H3K27me3 was unexpected, and suggests that environmental factors, such as protein
modifications or binding partners, or the physiological levels of salinity or pH may affect the
way this domain behaves in vivo. In support of this hypothesis, a previous study of a chimeric
HP1/Polycomb protein indicated that in vivo, an HP1 protein in which its chromodomain was
replaced with that of Polycomb binds to both Polycomb response elements and heterochromatic
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HP1 targets (Platero et al., 1995). This suggests that heterochromatin protein localization can be
influenced through factors other than simply the chromodomain, and that the rest of the protein
likely affects its binding affinity to a particular modification.

Despite this, our results suggest that Pdd1/3 mutants proceed further in conjugation than either
the ∆CD1 mutant or the W97,100A point mutant, as measured by the terminal nuclear
phenotype, indicating that whichever level of chromodomain function is occurring is in some
way helping to propel cellular development. Furthermore, IES excision data (Chapter 3, Figure
5) suggests that it can facilitate DNA rearrangement at some, but not all loci, providing evidence
of at least minor functionality.

One phenotype of particular interest is the appearance of abnormal, early foci in anlagen in
approximately 50% of the W97,100A mutants (Chapter 3, Supplemental Figure 1). Such foci
resemble those in cells lacking DCL1, the Dicer-like protein required for producing small ~27-30
nucleotide RNAs from long transcripts (Liu et al., 2007; Malone et al., 2005). The similar
results seen may not be a surprise, and in fact may be expected, since the RNAi mutants ∆DCL1
and ∆TWI1 lose H3K27me3 in both their parental macronuclei and anlagen. Given our
hypothesis that Pdd1 binds H3K27me3, it stands to reason that either a loss of the modification
or loss of the protein’s ability to bind the modification might result in the same mislocalization.
Thus, the observation of these early foci in only some of the W97,100A mutants hints that this
aggregation is a stochastic process, dependent upon an unknown variable. Notably, ∆CD1
mutants have not been found to produce foci, early or otherwise, indicating that the remainder of
the domain outside the aromatic cage may facilitate self-association.
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Loss of the second chromodomain of Pdd1 was detrimental to conjugation, as this deletion
rendered cells unable to produce progeny or efficiently rearrange DNA. Interestingly, ∆CD2
localization appeared fairly normal in both the parental macronucleus and the anlagen, but later
in conjugation it failed to form foci, even in the presence of wild-type Pdd1. Some cells showed
a small amount of H3K9me2 (Chapter 3, Figure 3), while ~20% progressed to the twomacronucleus, one-micronucleus stage, and our PCR assay indicated there is evidence of some
IES rearrangement (Chapter 3, Figure 5). Thus, loss of CD2 is not as severe as ∆CD1, indicating
its function is less important or at least less widespread. This mutant’s normal localization in
early and mid-conjugation suggests that CD2 does not play a role in H3K27me3 binding,
indicating that it may be a stabilization domain or may help recruit other excision machinery.
One possibility that must be considered is that its failure to form late foci may be a result of
protein conformational changes due to the internal deletion. However, the ∆CD2 mutant’s
ability to facilitate rearrangement of the 5xLexAop IES argues against this, and provides
evidence that it successfully interacts with necessary late-conjugation excision proteins.

One unique phenotype seen in ∆CD2 mutants is a reduction in phosphorylated protein forms
relative to unphosphorylated, as measured by western blot (Chapter 3, Supplemental Figure 2).
This phenomenon could be due to either CD2 containing a phosphorylated residue, or its loss
rendering Pdd1 less able to recruit the necessary kinase, or a phosphorylated residue elsewhere in
the protein made inaccessible due to an altered protein folding pattern. A NetPhos 2.0
bioinformatics search did not reveal any likely candidate phosphorylated residues in CD2 (Blom
et al., 1999); thus, it seems most likely that ∆CD2 mutants do not interact properly with the

86

necessary kinase. It is possible that the loss of phosphorylation is a severe impediment and may
be why ∆CD2 mutants ultimately fail conjugation, but more detailed studies are necessary before
we can assign a function, if any, to this domain.

One surprising result of the study emerged with the investigation of the C-terminus of Pdd1.
This domain appears to have at least two important functions; one as a nuclear localization signal
to target Pdd1 to both the parental nuclei and anlagen, as indicated by the cytoplasmic
localization of the truncation mutant, and another as a potential protein-protein binding interface,
as seen by the diffuse localization of the I504D mutant. We attempted to force the truncation
mutant into nuclei by adding a C-terminal SV40 NLS (Rahaman et al., 2008), but this fusion did
not express. Still, it would be interesting to try with another type of nuclear localization tag to
circumvent the lack of nuclear targeting and still observe the function of the mutant protein in its
normal, nuclear environment. The truncation would almost certainly be unable to produce
progeny, since we also showed that loss of a single CSD residue, I504, is a severe impediment.
However, I504D mutants still manage some level of success in nearly every assay in which we
tested it, except for the LexA tethering experiment. Therefore, with a deletion of the entire
domain, a more severe phenotype of the CSD mutant may be revealed.

Interestingly, the I504D mutant, while failing to form DNA elimination foci or show any
evidence of organization, does facilitate some IES rearrangement within the genome and can
result in progeny, albeit at a low rate. Furthermore, this mutant Pdd1 is still capable of
maintaining the presence of H3K9me2 and cells containing this mutant protein have been found
to proceed to the two-macronucleus, one-micronucleus stage in up to 70% of mated pairs. Thus,
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it seems likely that in these mutants, much of the cell’s normal processes are occurring without
disruption, and possibly the low progeny production could simply be due to inefficiency of
excision. Although nuclear organization and foci formation of Pdd1 are evidently non-critical
features of conjugation, they might help to concentrate the necessary excision machinery,
possibly through Pdd1 CSD-mediated dimer- or multimerization. The LexA tethering
experiment, in which the I504D mutant was unable to promote rearrangement of an ectopic IES,
suggests a failure to associate with wild-type Pdd1 and/or other factors. Perhaps genomic Melement can be rearranged in I504D mutants because here, existing H3K9me2,3 and H3K27me3
can recruit other chromodomain proteins involved in conjugation, such as Pdd3, which can
partially rescue function.

As discussed in Chapter 4, it is worth noting that the low level of progeny recovered from I504D
matings is comparable to what is observed when C-terminal CFP-tagged Pdd1 cells are mated,
suggesting that the CFP tag may be a hindrance to the function of the CSD, possibly interrupting
protein-protein contacts. Indeed, in the absence of untagged Pdd1, no CFP foci are ever formed,
with the proteins instead forming an unusual filamentous pattern in the nucleus (Chapter 4,
Figure 3). Clearly, Pdd1’s C-terminus fulfills a critical role during conjugation, and additional
mutational studies or biochemical analyses, such as chromatin immunoprecipitation or coimmunoprecipitation may help assign specific function to this domain.

Previous studies have provided evidence for the mechanism of Pdd1, showing that it binds
H3K27me3, is enriched at IESs, and is required for the presence of H3K9me2,3 in the anlagen
(Liu et al., 2007; Taverna et al., 2002). We also know that Pdd1 is organized into elimination
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foci and our experimental results are consistent with the hypothesis that that its CSD is involved
in recruiting excision factors to IES loci. However, one facet of Pdd1 function that remains a
mystery is its localization to the parental macronucleus. Studies of RNAi mutants, ∆EZL1,
∆DCL1, and ∆TWI1 all show a similar parental macronuclear phenotype, with loss of
H3K27me3 and Pdd1 localizing to fewer, larger foci than in wild-type (Liu et al., 2007). These
results, coupled with our data from Chapter 3, present strong evidence that Pdd1 binds
H3K27me3. What purpose this fulfills is unknown, but since cells expressing PDD1 exclusively
from the zygotic nucleus die following conjugation (Coyne et al., 1999), while those expressing
PDD1 exclusively from the parental macronucleus can produce progeny (Chapter 3, Figure 1C),
it is likely a critical step in conjugation.

We investigated the possibility that Pdd1 may act as a genome surveillance mechanism by
reducing transcription in the parental macronucleus of IES-like sequences that are retained (Gao
and Chalker, unpublished data). Yet, neither RT-PCR nor northern blot assays detected a
difference in transcript levels of these loci. The most direct way to determine which parental
macronuclear loci are H3K27 methylated, and likely bound by Pdd1, would be to perform a
ChIP-Seq (Chromatin immunoprecipitation – Sequencing) analysis using pre-zygotic parental
macronuclei at 5-6 hours post-mixing. These data would surely yield interesting directions of
study and provide exciting new information on the mechanism of epigenetic regulation.

Indeed, it seems that biochemical assays could provide a wealth of information on the nature of
Pdd1 activity. While co-immunoprecipitation might reveal which factors Pdd1 binds, and which
of these partners are lost in various mutants, ChIP-Seq could tell us what type of chromatin, if
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any, mislocalized mutants such as W97,100A or I504D interact with. Attempts at these
biochemical techniques were either unsuccessful or not reproducible in our hands, forcing us to
use more indirect methods to draw conclusions of Pdd1 domain functions for this project.
Despite these limitations, we have shown that each of Pdd1’s domains is important for protein
function, and that loss of each results in unique developmental phenotypes. Our experiments
indicate the importance of the association between the aromatic cage of CD1 and H3K9me2, and
that the CSD is likely involved in recruitment of other proteins and/or dimerization. These
findings are consistent with HP1-like proteins from other organisms, further confirming the
utility of studying chromodomain proteins in Tetrahymena to understand mechanisms of
heterochromatin regulation. Perhaps with continued studies involving our chromo- and
chromoshadow domain mutants, we might also contribute new mechanistic information to the
ever-growing field of epigenetics.
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Appendix

CDL1 Encodes a Chromodomain Protein Required During Conjugation in Tetrahymena
thermophila
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Summary
The following manuscript draft, prepared by Washington University undergraduate Rachel
Greenstein, details experiments performed in investigation of Cdl1, a chromodomain protein
expressed highly during conjugation. R. Schwope largely designed and assisted with the
experiments, which were primarily executed by R. Greenstein between 2010 and 2013. This
work provides evidence that Cdl1 localizes both to the parental macronucleus and to the anlagen,
and that late in conjugation it forms foci that are similar to but not precisely coincident with
those of Pdd1. CDL1 was found to be critical for conjugation but not vegetative growth,
although ∆CDL1 cells rearrange IESs normally. This initial manuscript draft is still in
preparation and has not been submitted for publication as of August 2013.
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ABSTRACT
The predicted gene CDL1 (Chromodomain Dependent Localization 1) encodes a large,
chromodomain-containing protein with a microarray expression profile similar to the
chromodomain protein Pdd1 (Programmed DNA Degradation protein 1), which has been shown
to be required for the DNA rearrangement process that characterizes the sexual development of
the ciliate Tetrahymena thermophila. Pdd1 associates with heterochromatin-like structures
localized into distinct nuclear foci where DNA elimination occurs. Fluorescence microscopy of
cells expressing a C-terminally tagged Cdl1 allele results in localization to similar nuclear foci.
Additionally, co-localization with endogenous CFP-tagged Pdd1 reveals significant overlap of
their positions, with Cdl1 appearing to surround the tighter Pdd1 foci at later time points.
Preliminary analyses using Tetrahymena cells in which CDL1 has been disrupted reveal that this
gene is not essential for vegetative growth, but is required for conjugating cells to complete their
development, though it does not prevent DNA rearrangement. Pdd1 localization in these mutant
lines is normal, while expression of epitope tagged Cdl1 in cells were Pdd1 and Twi1 are absent
shows that its localization is dependent on their function. Although methylation of Histone H3
Lysine 9 (H3K9) and Histone H3 Lysine 27 (H3K27) appears to be normal in ΔCDL1 mutants,
aberrant aggregations in ΔTWI1 mutants containing Cdl1, Pdd1 and H3K27me3 suggest an
interaction (direct or indirect) between these three proteins. Given the conjugation essential
status of Cdl1 and the presence of the chromodomain, it is likely that this protein is involved in
chromatin control during the late stages of conjugation.
INTRODUCTION
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Epigenetic phenomena result from heritable changes in gene expression that produce distinct
phenotypes for cells that are otherwise genetically identical, i.e., have the same primary sequence
of DNA nucleotides in their genomes. One of the ways in which eukaryotic cells differentially
regulate the large volume of information stored in the nucleus is through the packaging of the
genome into a highly ordered protein and DNA complex known as chromatin. Cells must have
control over the degree of order and compactness of their DNA to allow for transcription,
replication, and other processes to occur.

Chromatin is the biologically relevant form of DNA within cells, consisting of the primary
nucleotide sequence wrapped around protein complexes made up of four different histones.
Modifications to these protein components of chromatin target the bound DNA sequences for
varying degrees of transcriptional activity. A single unit of protein-DNA complex in known as a
nucleosome, each of with contains two histone H2A-H2B and two H3-H4 dimers wrapped in
slightly less than two loops of DNA (reviewed in Kornberg and Lorch 1999). Each of these core
histones has a conserved histone fold and more divergent ‘tails’ that are subject to posttranslational modification in the cell. Many such modifications have been studied, including the
di- and tri-methylation of specific lysine residues on the tail of histone H3 (reviewed in Cheung
et al., 2000). It is these marks that direct the assembly of higher ordered complexes and correct
condensation of DNA and thereby function to control the regulatory state of the genome.
The genomes of most organisms contain more DNA than the repertoire of genes that encode the
proteins needed for survival. In fact, the coding regions of genomes can comprise just a minor
fraction. To deal with ‘extra’ DNA, eukaryotes have developed mechanisms to organize
extraneous sequences into functional epigenetic units, often by way of heterochromatin
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formation. The conversion between the euchromatic and heterochromatic states is mediated by
chromatin remodeling proteins and reversible modifications of both the DNA and histone
proteins, which form the scaffold of chromatin structure. Post-translational modification of
specific histone H3 residues is responsible for directing the formation of the different types of
heterochromatin, which differ may based on the permanence of that inactivation. In some
heterochromatin, the DNA is tightly packaged in a stably ‘off’ state. This type of
heterochromatin is typically found in regions that are conserved across cell types within an
organism, such as centromeres, telomeres and regions containing mobile DNA elements. In
contrast, other heterochromatin domains differ between cell types and reflect the differentiation
between them that allows for separate functions (reviewed in Trojer and Reinberg 2007). The
regulation of these heterochromatin domains not only determines cell type, but also is
responsible for modulating how a cell responds to environmental factors and internal damage.

Studies in model organisms have provided much of our understanding of epigenetic mechanisms
(Allis et al. 2007). The ciliate Tetrahymena thermophila, with its ability to maintain two
functionally distinct copies of its genome in a single cell, has served as a useful model to explore
such mechanisms (reviewed in Meyer and Chalker 2007). The genome found in the somatic
macronucleus provides for all the gene expression to support vegetative growth, but lacks more
than 50 megabases of the DNA found within its germline micronucleus, which holds an intact
copy of the genome in reserve to pass on to the next generation. This nuclear dimorphism
represents one of the simplest known separations between germline and soma, and is a unique
biological context within which to explore the epigenetic mechanisms responsible for
establishing the differences between the distinct genomes held in each nucleus.
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The differentiation of the somatic macronucleus from the micronucleus occurs during
Tetrahymena sexual development when its germline-derived genome undergoes a process of
dramatic reorganization resulting in the elimination of at least 30% of its DNA (reviewed in
Chalker and Yao 2011). The DNA eliminated consists largely of repetitive and non-genic
sequences, the types of sequences most eukaryotes package in their nuclei as condensed
heterochromatin and the process by which this occurs has been found to be mechanistically
related to heterochromatin formation. For example, the first proteins identified to be required for
remodeling the developing macronuclear genome were homologous to proteins critical for
maintaining heterochromatin (Madireddi et al. 1994; Madireddi et al. 1996; Smothers et al. 1997;
Nikiforov et al. 2000). Because these DNA rearrangements occur genome-wide and in a
developmentally regulated manner, the process provides a unique model to examine the
mechanisms necessary to establish heterochromatin domains and to understand how a cell
determines what sequences should be active in its functional genome.
How does Tetrahymena excise specific regions from the genome? These loci are targeted by
small RNAs, which direct conserved heterochromatin modifications to the homologous
sequences (Chalker and Yao 2001; Mochizuki et al. 2002). During conjugation, these RNAs are
generated in the meiotic micronucleus and transported to the parental macronuclei, were they are
compared to the content of its previously rearranged genome. The small RNAs matching
somatic sequences of the previous generation are degraded, leaving only RNAs complementary
to germline specific sequences (Mochizuki et al. 2002; Mochizuki and Gorovsky 2004a). These
are transported to the newly-forming functional macronucleus where they direct specific
methylation of histones that are commonly associated with the heterochromatin of most
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eukaryotes (Taverna et al. 2002; Mochizuki and Gorovsky 2004b; Liu et al. 2007). Once the
sequences have been marked, the DNA rearrangement machinery is assembled and excision can
occur. Further study of this process promises to provide a better understanding of the role of
small RNAs in establishing chromatin states and how chromatin modifications can direct DNA
rearrangements.

To gain new insight into the mechanism that guides macronucelar differentiation and DNA
rearrangement, researchers have combined experimental and bioinformatic approaches to find
and characterize the proteins involved. The best characterized of these, the chromodomain
protein encoded by PDD1 (Programmed DNA Degradation protein 1), was shown to be required
for DNA rearrangement (Madireddi et al. 1996; Coyne et al. 1999). It associates with
heterochromatin-like structures localized into distinct nuclear foci where DNA rearrangement
occurs. To date, several proteins have been linked to DNA rearrangement associated
heterochromatin formation, but it is believed these represent only a fraction of those critical for
the process. To identify other candidate proteins, an examination of expression data available
from a DNA microarray expression study (Mio et al. 2009) was performed to search for genes
that display a similar expression profile as that of PDD1 and contained a chromodomain known
to bind methylated histones.

RESULTS
CDL1 (Ttherm_00565610), is a gene 5151 base pairs in length that comprises 8 exons and 7
introns. It encodes a protein predicted to be 197 kilodaltons in size containing a conserved
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CHROMO (CHRromatin Organization MOdifier) domain (Figure 1A), The chromodomain is a
well-conserved protein motif often found in proteins implicated in gene regulation, chromatin
remodeling, and heterochromatin formation. It has been shown to bind methylated histone lysine
residues, with in vivo specificity that is critical to protein function (reviewed in Eissenberg
2001). The previously studied Tetrahymena proteins Pdd1 and Pdd3 have been shown to bind
the methylated histone residues characteristic of heterochromatic regions (Bannister et al. 2001;
Taverna et al. 2002; Liu et al. 2007). Members of this protein family contain three residues of
the aromatic cage responsible for binding the methylated histone lysines, and it is the
architecture of this pocket along with the face of the active site (Fischle et al. 2003) that
determines the histone binding specificity of each protein.
While there is a low level of expression during both vegetative growth and starvation, CDL1
expression is significantly up-regulated during conjugation and peaks at about 8 hours after
initiation of cell pairing (See Chapter 1, Figure 5B). The combination of conjugation-specific
expression and the presence of the heterochromatin-associated chromodomain provided a good
basis for further exploration of the role of Cdl1 in the process of macronuclear differentiation.

Cdl1 localizes to nuclear foci:
A chromodomain protein would presumably be present in the developing macronuclei of the
cells during conjugation. Of the many Tetrahymena nuclear proteins that have been
characterized, proteins involved in the process of DNA rearrangement often show a speckled
nuclear localization pattern with the foci presumed to be the physical sites of the DNA
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rearrangement. These foci, known as DNA elimination bodies, have been well characterized in
the studies of Pdd1. To observe the subcellular localization of Cdl1, the gene’s coding sequence
was tagged with an mCherry marker and its localization was observed by fluorescent
microscopy. To generate copies of the protein appended with the fluorescent tag, a construct
was created that contained the mCherry and MTT1 Neo4 (Mochizuki 2008) cassettes flanked by
regions of homology matching the C-terminal region of the CDL1 locus and the area directly 3’
to the gene. Following biolistic transformation, homologous recombination of this construct into
macronuclear copies of the gene allows for selection in paromomycin-containing media.
Fluorescent microscopy revealed that not only does Cdl1 show a nuclear localization, but also
this novel protein localizes to distinctly dotted foci (Figure 1B). Initially, Cdl1 localizes to the
old macronucleus and can be seen approximately 5 hours into conjugation. By 8 hours, the
anlagen (developing macronuclei) have begun to form and Cdl1 is present there in a mostly
diffuse pattern. At this time, the protein is still visible in the old macronucleus but the signal is
much less bright relative to the anlagen. From 8 to 11 hours the localization of Cdl1 becomes
more defined and brighter foci become increasingly visible relative to the diffuse background.
By 15 hours the foci are larger and more clearly defined, and the diffuse background is
decreased. Though foci at this time are quite distinct, not all of the protein localizes to clearly
defined dots, instead appearing in concentrated regions with less populated spaces interspersed.

Given that many of the DNA rearrangement proteins display this type of nuclear localization
pattern of concentrated foci at late time points, it would be informative to know if the foci pattern
of Cdl1 was coincident with that of other such proteins, as a similar sub-nuclear localization
would suggest involvement in the same process. The protein chosen for this co-localization
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experiment, Pdd1, is essential to DNA rearrangement and has been shown to bind
heterochromatin in the DNA elimination bodies that appear as nuclear foci under fluorescent
microscopy (Madireddi et al. 1996; Yao et al. 2007). To observe the localizations of both Cdl1
and Pdd1 in the same cells, the Cdl1 mCherry lines were mated to a strain that contains Pdd1
tagged with CFP. When the cells undergo conjugation, there is enough cytoplasmic exchange to
allow for the tagged versions of two proteins to be visible in both mating partners. When
visualized in the same cell, Cdl1 displays a significant degree of overlap with foci formed by
Pdd1 (Figure 2), with Cdl1 forming more distinct dots earlier than Pdd1 (8, 10 hours). At later
time points (13-15 hours), tight Pdd1 foci appear to be surrounded by rings of tagged Cdl1
protein.

CDL1 is essential for completion of conjugation:
While the localization experiments supported the possibility that Cdl1 participates in the genome
reorganizations of sexual development, to further investigate any role in nuclear differentiation,
experiments were designed to disrupt the coding region of this candidate gene (i.e., create gene
knockout strains). If a gene is essential at this stage, knockout strains should show a lethal
phenotype, as seen in other required conjugation-expressed proteins (Coyne et al. 1999;
Nikiforov et al. 1999; Mochizuki et al. 2002; Malone et al. 2005; Rexer and Chalker 2007).
Furthermore, study of these mutants offers the potential to determine the stage of cellular
development that the protein encoded by CDL1 acts by determining when the cell arrests.
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To create transformant lines with the CDL1 coding region absent, another construct was created
for insertion via biolistic transformation. The knockout construct is an engineered plasmid
containing the cloned copies of the regions flanking the gene with a Neo4 selectable marker
(Mochizuki 2008) between them (Figure 3A). Initial heterozygous transformant lines were
generated by biolistic transformation of mating cells via homologous recombination of the
knockout construct into the germline genome, effectively replacing the CDL1 sequence with the
Neo4 cassette. These heterozygotes were identified by growth in medium containing
paramomycin. Homozygous ΔCDL1 lines were generated through genetic crosses using these
heterozygous transformants. The complete genetic scheme used to generate homozygous ΔCDL1
strains is detailed in the Materials and Methods section. The final transformants lines completely
lack the entirety of CDL1 in both micro- and macronuclei as shown by Southern blot (Figure
3B).

Having successfully generated the full knockout demonstrates that, despite low levels of
vegetative expression, CDL1 is not essential for growth. To determine whether the gene is
essential during development, two individual knockout strains were mated together, individual
mating pairs were isolated, and the resulting lines allowed to grow and divide for 3 days. True
progeny cells from a mating require 80-100 divisions to reach sexual maturation and this takes 12 weeks at the standard growing conditions. Infertile cells that may initially pair but fail to
complete mating are known as “backouts” and are considered non-progeny despite their being
viable. By counting the number of cells that were immediately able reengage in mating 3 days
after the initial mixing, it was determined the majority of mating pairs died and all survivors
backed out of mating (Table 1). When a knockout line is crossed to wild type strains, progeny
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production is normal except for some decrease in fertility relative to a wild type by wild type
mating, which suggests one copy of CDL1 is sufficient to rescue the lethal knockout phenotype.

At what stage of development is CDL1 function critical?
Given that ΔCDL1 mutants fail to produce progeny, it is important to understand where in the
process of conjugation the mutants arrest and to observe in what ways the characterized
processes are disrupted. One important marker for DNA rearrangement is the formation of Pdd1
foci, and therefore one way to assess when ΔCDL1 mutants are affected is to look for these foci
in conjugating cells. Disruption of Pdd1 foci formation in ΔCDL1 matings would suggest that
Cdl1 is acting upstream of Pdd1 in the pathway. Mutant lines that were both deficient in CDL1
and contained a tagged version of PDD1 were generated by biolistic transformation of a Pdd1
CFP tagging construct (generously contributed by Rachel Schwope) into the endogenous PDD1
locus of a ΔCDL1 mating pair. At late time points in conjugation (13-15 hours) many large Pdd1
foci populate the anlagen of the developing cells from the ΔCDL1 matings (Figure 4). The
localization of Pdd1 in these knockouts is identical to wild type and suggests that either Cdl1 acts
at a point in time later than Pdd1 or that it is after this point that ΔCDL1 mutants fail to pass a
critical checkpoint.

That Cdl1 is acting subsequent to Pdd1 function is consistent with the observation that matings
of ΔCDL1 strains do not arrest at the two macronuclei, two micronuclei stage that is

103

characteristic of many essential DNA rearrangement gene mutants, including ΔPDD1. The
terminal nuclear phenotype of ΔCDL1 matings is the same as observed in wild type matings, as
each exconjugant contains two macronuclei and one micronucleus (Figure 5). However, upon
returning wild type exconjugants to growth medium, these cells will resume vegetative growth.
In contrast, at some point between this stage and when the cells return to mitotic cell division,
ΔCDL1 progeny arrest and die. To get a better idea of when this is, individual mating pairs of
ΔCDL1 cells were isolated in growth medium at 6-10 hours after mixing the cells then allowed to
grow and divide at 30 degrees. At 24 and 48 hours after mixing, the total number of cells in each
well were tallied.

Given that Pdd1 localized normally in ΔCDL1 matings and the cells do not arrest at the common
nuclear arrest phenotype, it is important to ask if Cdl1 is essential for the rearrangement of IES’s.
A PCR assay that spans the region of 6 characterized IES’s [duplicated from Fass et al., 2011]
shows that there is no failure of IES excision in genomic DNA from pooled mated cells in
knockouts relative to wild type (Figure 6A). In all three cases, no accumulation of the
unrearranged form of IES 1, 7 or 11 is apparent. Based on these results, it can be concluded that
CDL1 is not specifically involved in the excision of these IESs and likely has another distinct
role in development.

In addition to a role in IES excision, a similar test was devised to assay for a role in IES
rejoining. For one of the known IES, the M element, there are two forms of rearrangement.
Both the 0.6 and 0.9 kilobase deletions can be present in the macronuclei of strains post mating
and parental lines can be assorted to contain one or the other. To determine if rejoining is
occurring successfully, ΔCDL1 parent lines were assorted to contain only the 0.6kb deletion by
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subcloning individual cells. The wild type strains CU427 and CU428 are also assorted to this
rearrangement, while B2086 contains the 0.9kb deletion. Upon mating two strains that contain
the same macronuclear rearrangement and isolating the DNA of the mated population at 24
hours, there should be an appearance of the other form of rearrangement in the DNA from the
progeny (Figure 6B). This was shown to be true for the ΔCDL1 strains. DNA isolated at 24
hours of mating shows appearance of the 0.9kb deletion as assayed by PCR with primers
flanking the region of rearrangement. The sum of these two experiments suggests that Cdl1 does
not have a critical role in DNA rearrangement given that IES excision and rejoining are not
disrupted in its absence.

What processes disrupt Cdl1 function/localization?
If observation that the disruption of the CDL1 sequence does not effect Pdd1 localization
suggests that Pdd1 acts upstream of Cdl1, then conversely the absence of Pdd1 might alter Cdl1
localization and perhaps function. To determine if this was the case, the coding sequence of
Cdl1 was tagged with an mCherry marker in ΔPDD1 cells. This construct is nearly identical to
the one discussed previously; however the MTT1 promoter and Neo4 resistance marker were
replaced with an H4 promoter and Blasticidin resistance construct. The construct was introduced
to the cells via biolistic transformation followed by homologous recombination into the
endogenous CDL1 locus. Observation of mating cells by fluorescent microscopy shows that
while visible expression of Cdl1 begins normally and forms condensed speckles at about 10
hours, the cells fail to form large distinct foci at late timepoints (Figure 7A). Additionally, the
fluorescent form of this protein can be observed in the nucleus as late as 24 hours. These results
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suggest the dependence of Cdl1 on Pdd1 function and that though it may not be involved directly
in DNA excision, the role of Cdl1 in nuclear differentiation may be dependent on it.

Similar questions may be asked about the dependence of Cdl1 on Twi1 function. Given that
Twi1 acts in the same process as Pdd1 and its absence disrupts Pdd1 function, logic would
suggest that Cdl1 localization would be disrupted in ΔTWI1 mutants. When the same Cdl1mCherry construct is introduced in these lines and the mated cells are observed under the
fluorescent microscope, there is obvious formation of large, early Cdl1-containing foci similar to
what is observed in many other proteins. However, closer examination and comparison with
DAPI images from the same cells reveals that these early foci are forming in regions where
DAPI is absent (Figure 7B). This could mean one of several things – that there is no DNA
present at these locations or that there is a protein complex surrounding the chromatin here that
excludes the DAPI stain from binding. Using a Pdd1-YFP in ΔTWI1 strain, a similar
phenomenon was observed (Figure 7C). When the Pdd1-YFP and Cdl1-mCherry in ΔTWI1
strains were mated together it was observed that the Pdd1 and Cdl1 localizations in the DAPIpoor regions were coincident.

Histone methylation
Lastly, it is important to consider the overall histone methylation pattern in the ΔCDL1 mutant
lines. Given that Cdl1 is a chromodomain containing protein, an understanding of global histone
methylation patterns in ΔCDL1 strains is important to their characterizations. Histone
methylation staining as assessed by immunofluorescence microscopy was performed on wild

106

type, ΔCDL1, and ΔTWI1 cell lines at 6 and 10 hours post mixing. H3K9 staining appears to be
normal in ΔCDL1 lines relative to wild type at 10 hours; a 6 hour slide was not collected as
H3K9me2 is not present at this time. H3K27 staining was performed at both timepoints and the
ΔCDL1 strains appear normal relative to wild type at this time (Figure 8A). However, in the
ΔTWI1 lines, which were intended as a negative control, we noticed a pattern of H3K27
methylation similar to that of Pdd1 and Cdl1 in the ΔTWI1 mutants.

While the previously reported (Liu et al 2007) overabundance on H3K27 methlyation in the
micronuclei is seen, there is clearly some residual H3K27 methylation still present in the
anlagen. The pattern of this methylation appears blotchy and is concentrated in distinct dots. A
comparison with the DAPI stain slide for these cells reveals that these H3K27me foci are colocalized to DAPI-poor regions, similarly to Cdl1 and Pdd1. Histone methylation staining of the
ΔTWI1 line containing the Cdl1-mCherry construct was performed at 6, 10, and 24 hours and
clearly shows that Cdl1-mCherry and the stained H3K27me are co-localized to these DAPI holes
(Figure 8B).

Summary of Results and Future Work:
The preliminary findings of this study suggest that CDL1 encodes a large protein product that is
critical for the macronuclear differentiation that is part of the development of the ciliate
Tetrahymena thermophila. The protein localizes to the developing macronucleus and forms a
distinct dotted pattern coincident with that of the well-characterized protein Pdd1. When the
gene is absent from mating cells no progeny are produced suggesting that CDL1 is essential for
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conjugation, but not vegetative growth. Given that the localization of Pdd1 in ΔCDL1 lines is
normal and that the mating cells progress beyond the common nuclear arrest phenotype, it is
likely that Cdl1 acts at a time subsequent to the action of Pdd1, but before mated cells resume
normal vegetative growth. Despite similar localization patterns, it is likely that its function is
distinct to that of Pdd1 and yet also dependent on it. IES excision and rejoining occur normally
in CDL1 knockouts suggesting an alternative role in development. H3K9 and H3K27 histone
methylation patterns appear normal as well, but this does not preclude a role in chromatin
organization and control of expressed sequences.

An understanding of which histone modifications Cdl1 binds may help to clarify its role or
suggest alternative experiments to do so. Peptide binding assays with exogenously expressed,
epitope-tagged copies of the Cdl1 chromodomain could be done to determine its histone
modification binding preference. By understanding how proteins act in this process, we hope to
gain insight into the mechanisms of heterochromatin formation and or gene regulation in many
other organisms.

Materials and Methods:
Creation of the mCherry epitope tag:
The coding sequence for an mCherry fluorescent protein was introduced via biolistic
transformation and appended to the C-terminus of the gene through homologous recombination.
The plasmid vector for this transformation, supplied to the lab by Kazufumi Mochizuki, contains
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an ampicillin resistance gene for propagation in Escherichia coli and a paramomycin resistance
gene driven by the MTT1 Cd2+ inducible promoter for selection in Tetrahymena. The method for
designing the shooting construct was developed from the protocol outlined in the 2010 Kataoka
et. al. publication entitled “Modules for C-terminal epitope tagging of Tetrahymena genes” from
the Journal of Microbiological Methods.

To create the mCherry tagging construct, primers were designed to amplify 700 base pairs from
the C-terminus of CDL1, excluding the stop codon, and 1700kb of sequence directly 3` to the
gene (Table 2). The final amplified C-terminal region contains an XhoI site at the 5’ end and
adjacent BamHI and SpeI sites on the 3’ end. The 3’ homology has adjacent SpeI and SalI sites
at the 5’ end, with an XhoI at the 3’ end. To create the first part of the shooting construct the Cterminal fragment and a pBSk vector were incubated with XbaI and SpeI restriction enzymes.
The vector was treated with Antarctic Phosphatase to remove the terminal phosphate and then
gel isolated to purify. The C-terminal fragment was purified on a Promega Wizard Column. The
two fragments were ligated together and electroporated into 10G electrocompetent E. coli cells
and selected for with ampicillin. A concentrated sample of the plasmid was prepared from E.
coli cultures. The process was repeated with this new plasmid and the 3’ homology fragment,
using SpeI and XhoI restriction enzymes for the 5’ and 3’ ends respectively.
The final shot construct was created by isolating the mCherry MTT1 Neo4 region from the
pmCherry-neo4 plasmid provided to the lab by Kazufumi Mochizuki, via restriction digestion
with enzymes BamHI and XhoI. The pBS 56 Stitch plasmid was incubated with BamHI and
SalI, treated with Antarctic Phosphatase, and gel isolated. Linearized pBS 56 Stitch and
mCherry Neo4 were ligated and electroporated into 10G electrocompetent cells. XhoI and SalI
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are isoschizomers, meaning that they have the same “sticky end” despite their different
recognition sites, and thus these two fragments are compatible for ligation. A concentrated
sample of the plasmid was prepared from E. coli cultures, and then incubated with XbaI and
XhoI enzymes to linearize it. Phenol-chloroform extraction followed by ethanol precipitation
was performed to clean and concentrate the DNA for the biolistic transformation. A graphical
representation of this cloning scheme is included for reference.

Creation of the knockout shot construct:
The knockout plasmid was made from the mCherry tagging construct by replacing the Cterminal homology and mCherry coding sequence with a sequence corresponding to the region
upstream of the gene. The promoter region from CDL1 was amplified by PCR with the
upstream primer containing an XhoI site and the downstream primer with a SpeI site. Both the
PCR amplicon and the mCherry tagging construct were digested with these enzymes, ligated,
electroporated into 10G electrocompetent cells, and plated on ampicillin-containing agar. A
concentrated sample of the plasmid was prepared from E. coli cultures and incubated with XbaI
and XhoI enzymes to linearize it. Phenol-chloroform extraction followed by ethanol
precipitation was performed to clean and concentrate the DNA for the biolistic transformation
(Cassidy-Hanley et al. 1997; Bruns and Cassidy-Hanley 2000).

Creation mCherry H4 Blasticidin Construct:
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The H4 Blasticidin construct was cloned into a pENTR vector with SpeI and SalI sites appended
to the sequence. Cutting both this plasmid and the original mCherry tagging construct with these
enzymes allowed for the replacement of MTT-Neo4 with the H4-BSR cassette.

Biolistic Transformation:
To transform an engineered construct, the linearized DNA was coated onto gold particles and
introduced to starved or mating cells using a PDS-1000 Biorad gene gun at 900-1100PSI
(Cassidy-Hanley et al. 1997; Bruns and Cassidy-Hanley 2000). For the macronuclear
transformation to create mCherry tagged lines, the construct was transformed into starved cells,
which were then immediately transferred to growth media with 1µg/mL CdCl2 to recover and
induce gene expression for 5-7 hours at 30°C, shaking at 50rpm before the selection drug was
administered (in this case 80µg/mL paramomycin was used). Transformants were isolated after
incubation at 30°C for 3-4 days. Further selections for well-assorted lines were done by treating
the population with a higher concentration of paramomycin (100-200µg/mL) and relying on the
increase drug tolerance conferred by more copies of the MTT1 promoter driven Neo4 gene to
allow for transformant survival. After several rounds of increased selection, these transformants
were able to successfully produce enough tagged protein during conjugation for localization via
fluorescent microscopy.

To make ∆CDL1 knockout cells, the knockout construct was first transformed into paired B2086
and CU428 wild type cells at 2 hours and 10 minutes into mating in order to direct the transgene
into the elongated micronuclei. After the transformation, the cells were resuspended in 10mM
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Tris overnight to permit completion of mating. The next day, 2x growth media was added with 1
µg/mL CdCl2 to recover and induce gene expression for 5-7 hours at 30°C, shaking at 50rpm
before 80µg/mL paramomycin was administered and the cells incubated at 30°C.

Generating Full Knockout Lines:
After incubation at 30°C for 3-4 days to select for paramomycin resistant lines, presumably
expressing the MTT1 Neo4 construct, the transformant wells were replica plated into fresh media
containing 6-methylpurine (6-MP). Wild type CU428 strains maintain 6-MP resistance in their
micronuclei, but not the macronuclei, so only progeny cells that have completed mating are
resistant to 6-MP. From this transformation, cells resistant to both 6-MP and paramomycin are
taken to be heterozygous germline transformants. To confirm this, genomic DNA from potential
lines was isolated and tested. True heterozygotes showing both the wild type and knockout
bands were retained for the next steps.

To generate lines with homozygous for the knockout allele, the heterozygous lines were crossed
to stock strains with defunct micronuclei, B*VI and B*VII, known as “star” strains (designated
by the *). When star strains undergo mating with fertile cells, they are unable to form progeny.
Instead they undergo an abortive mating process in which they receive a new homozygous
micronucleus that the partner cell generates via meiosis. Upon receipt of the new functional
nucleus the cells may then repair and complete conjugation, however if the two cells (known as
exconjugants) are separated before this occurs they will divide mitotically, forming two lines
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with a homozygous germline. The line generated from the original star strain is referred to as a
B-line.

When heterozygous transformants are mated to star strains, half of the resultant lines should
contain the homozygous knockout germline. Four of these B-lines with homozygous knockout
micronuclei were generated, two each of mating types VI and VII. Mating the B-lines together
and isolating individual progeny lines produced full knockouts, lacking all copies of CDL1 from
both somatic and germline nuclei. The B-lines and full knockouts have all been confirmed by
separate PCR tests (Table 2).

To create more fertile lines from the initial knockouts (ΔCDL1 3, ΔCDL1 5), both strains were
mated to a B*VI stock strain in order to initiate genomic exclusion, in which the star stain
receives a homozygous micronucleus that the partner generates via meiosis. The process of
undergoing meiosis in the knockout strain can result in the repairing of damages that often cause
infertility. Individual mating pairs were transferred into growth media at 6 hours into mating,
and the resultant nonprogeny left to divide and grow for 2 days. The cells were then replica
plated into media with paramomycin so the only cells that were the full knockouts survived.
Several knockout lines of each type were mated wild type and screened for progeny production
to determine the most fertile and these (ΔCDL1 3-2, ΔCDL1 5-2) were retained for downstream
efforts.

Fluorescence Microscopy:
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To observe cells by fluorescent microscopy, 1mL samples of cells at the appropriate time point
are pelleted by centrifugation, the remaining supernatant is aspirated, and the cells are
resuspended in the small volume of fluid that remains. 1uL of DAPI solution (10 µg/ul) is added
to stain the nuclei and confirm the developmental stage. The cells are then fixed with 2%
paraformaldehyde solution (15-20uL) and 30-50uL of water is added to prevent desiccation.
After incubating 10 minutes at room temperature, 10uL are added to a microscope slide and
observed. All microscope pictures were taken at 40x or 60x magnification through oil
immersion lenses.

Histone Methylation Staining:
3mL mating cells isolated at 6, 10, or 24 hours post mixing were fixed with 10µL Schaudinn’s
fixative, pelleted and washed with methanol and then dropped onto microscope slides from 3ft
with a Pasteur pipette. After rehydration overnight with 1x TBS at 4° the slides were blocked in
1x TBS with 1%BSA and 0.01% Tween 20, incubated with the Millipore H3K27me2 or Upstate
H3K9me rabbit primary antibody, washed with TBS and then blocking buffer. The secondary
antibody used for both was the Alexa 488 anti-rabbit. For the final washes DAPI was added and
the cells were visualized under the fluorescent microscope.
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Figure 1. Initial CDL1 characteristics. (A) CDL1 contains 8 exons and 7 introns and includes a
N-terminal chromodomain. (B) Localization of fluorescent-tagged Cdl1 during conjugation.
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Figure 2
DAPI

Pdd1- CFP

Cdl1-mCherry

8 Hours

10 Hours

13 Hours

15 Hours

Figure 2. Comparison of Cdl1 and Pdd1 localiation. Proteins show similar but not identical
localization in anlagen during conjugation
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Figure 3
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Figure 3. Confirmation of production of ∆CDL1 cells. (A) Restriction sites of knockout construct
vs. wild-type CDL1 locus. (B) Southern blot confirming full knockout status of transformants CDL1
3-2 and CDL1 5-7.
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Figure 4
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Figure 4. Pdd1-CFP localization in ∆CDL1. Pdd1 localization does not appear obviously
perturbed in CDL1 mutants.
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Figure 5
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Figure 5. Terminal nuclei phenotype of ∆CDL1. (A) ∆CDL1 cells proceed to 2-macronucleus, 1
micronucleus stage, unlike ∆PDD1, which arrests at 2-macronucleus, 1-micronucleus stagetion.
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Figure 6
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Figure 6. IES properties in mated ∆CDL1 cells. (A) PCR assay indicating IES excision occurs
normally in ∆CDL1 cells. (B) PCR assay indicating IES excision boundaries re-join normally in ∆CDL1
cells.
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Figure 7
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Figure 7. Localization of Cdl1-mCherry is disrupted in mutant cells. (A) Cdl1-mCherry in mated
∆PDD1 cells (B) Cdl1-mCherry in ∆TWI1 cells, in comparison to (C) Pdd1-YFP in ∆TWI1 cells.
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Figure 8
A
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Figure 8. Histone modifications appear normal in ∆CDL1 mating cells. (A) H3K9me2 at 10 hours
and H3K27me3 6 and 10 hours in ∆CDL1 cells. ∆TWI1 included as negative control (B) Colocalization
of fluorescent-tagged Cdl1 with DAPI-poor, H3K27me3 enriched regions in ∆TWI1 cells.
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Table 1
Mating

Viable/n

427 x 428

90/92

CDL1 3 -2 x 4 27
CDL15 -2 x 4 27
CDL1 3 -2 x
CDL1 5 -2

120/138
108/138
16/92

Nonprogeny

Progeny

21/138

99/138

3/92

87/92

30/138

78/138

16/92

0/92

Table 1. Progeny production of ∆CDL1 mutants vs. wild-type cells
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